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Abstract. 
 
The principal aim of this thesis was to investigate the ability of surface topography in 
inducing bone cell differentiation for biomedical purposes. In orthopedic research, 
regeneration  of  bone  defects  can  be  performed  in  vitro  using  biomaterials.  Third 
generation biomaterials aim not only to support tissue (first generation) and not only 
to be ‘bioactive’ (second generation), but to stimulate specific, known and desirable 
responses at the molecular level. Nanoscale topography offers a possible route to the 
development of third generation biomaterials. 
 
Two-dimensional fluorescence difference gel electrophoresis (2D DIGE) is a new 
method  for  assessing  protein  expression  strategies  and  here,  a  micro-grooved 
topography  was  used  as  a  model  for  protocol  optimization.  The  protocol  was 
successfully developed and proved that 2D DIGE can be used as a powerful tool in 
the evaluation of biomaterial can direct cell behavior and cell fate.  
 
Next, the refined protocol was applied to the evaluation of the novel nanotopographic 
features;  near-square  nanopits  (120  nm  diameter,  100  nm  depth  with  the  pitch 
between the pits was set to an average of 300 nm with a ± 50 nm error). Protein 
expression profiles indicated that ERK1/2 might play part in cell proliferation and 
cell differentiation. However, to make a clear conclusion about molecular signalling, 
the study of sub-cellular proteome is needed in the future work.  
 
Additionally, the use of another comparative proteomic technique; dimethyl labelling, 
implicated  the  possibility  of  sub-population  differentiation,  i.e.  the  formation  of 
multiple  cell  types  that  could  be  advantageous  in  tissue  engineering  of  complex 
organs. Furthermore, the application of fluid-flow bioreactors was shown to enhance 
the  growth  rate  and  possibly  increased  differentiation  of  cells  cultured  on 
nanotopographical features.   iii 
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CHAPTER I General Introduction 
 
1.1 Introduction 
 
Bone tissue engineers aim to produce new bone in the laboratory that can then be 
used to repair or replace damaged bone in the body. Because of bone’s important 
structural role, bone tissue engineering is a field with major research drive. In January 
2000,  the  Bone  and  Joint  Decade  was  launched  in  Geneva  by  the  World  Health 
Organisation to underpin this effort on bone regeneration (Weinstein, 2000). Due to 
the rapidly increasing life span of the world population, musculoskeletal disease such 
as injury, osteoporosis, and arthritis will have increasing social and economic impact. 
To achieve success in bone tissue engineering, a basic knowledge about the nature of 
bone and bone growth must be developed. 
 
This  study  uses  nanotechnology  and  a  cell-based  approach  combining  osteogenic 
cells  in  vitro  and  nanotopographic  features  fabricated  on  biomaterial  scaffolds  to 
allow the development of a bone tissue. A flow perfusion bioreactor was also used to 
aid the culture process and improve nutrient supply. 
 
1.2 Bone structure 
 
There are two major types of bone  structure (figure 1.1); the outer bone layer is 
known as compact bone and the inner bone layer is spongy or trabecular bone. Bones 
develop  from  cells  of  both  ectodermal  and  mesodermal  tissues  during  embryonic 
development. Craniofacial structures are formed from the prechordal mesoderm and 
the craniofacial ectoderm (Elsen and Carels, 2008). Three main cell types are located 
in mature bones including osteoblasts, osteocytes and osteoclasts. These cell types 
have different origins and different roles in bones.  
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Figure 1.1 Gross section of long bone. The infrastructure of compact and spongy 
bone can be seen in this picture. The Haversian systems and blood supply system are 
noted in the compact bone while the trabeculae meshwork can be seen in spongy 
bone (http://www.daviddarling.info/encyclopedia/B/bone.html). 
 
1.2.1 Compact bone 
 
Compact bone consists of closely packed osteons or Haversian systems. The osteon 
contains a central osteonic (Haversian) canal, which is surrounded by concentric 
rings (lamellae) of matrix. Between the rings of matrix, the bone cells (osteocytes) 
are located in spaces called lacunae. Small channels (canaliculi) radiate from the 
lacunae to the osteonic (Haversian) canal to provide passageways through the hard 
matrix. In compact bone, the Haversian systems are packed tightly together to form 
what appears to be a solid mass. The osteonic canals contain blood vessels that are 
parallel to the long axis of the bone. These blood vessels interconnect, by way of 
perforating canals, with vessels on the surface of the bone (Datta et al., 2008). 
 
 Chapter I General Introduction  3 
1.2.2 Spongy bone 
 
Spongy (cancellous) bone is lighter and less dense than compact bone. Spongy bone 
consists of plates (trabeculae) and bars of bone adjacent to small, irregular cavities 
that contain red bone marrow. The canaliculi connect to the adjacent cavities, instead 
of a central Haversian canal, to receive their blood supply. It may appear that the 
trabeculae are arranged in a haphazard manner, but they are organized to provide 
maximum  strength,  similar  to  braces  that  are  used  to  support  a  building.  The 
trabeculae of spongy bone follow the lines of stress and can realign if the direction of 
stress changes (http://www.daviddarling.info/encyclopedia/B/bone.html). 
 
1.2.3 Bone cells 
 
There are three main types of bone cells: osteoclasts, responsible for bone resorption; 
osteoblasts,  responsible  for  bone  formation;  and  osteocytes,  fully  differentiated 
osteoblasts that have become embedded in matrix, whose function is to maintain the 
bone (Hillsley and Frangos, 1994): 
 
1.2.3.1 Osteoblasts: Bone-forming cells that synthesize and secrete unmineralised 
ground substance, generally abundant in areas of high bone metabolism such as under 
the periosteum and next to the medullary cavity. They are also responsible for the 
production of bone mineral as will be discussed.  
 
1.2.3.2 Osteocytes: Osteocytes lie encased within the bone matrix (Nefussi et al., 
1991, Palumbo et al., 1990). They have long slender cell processes connected by gap 
junctions that connect to each other and also to connect to bone lining cells (Doty, 
1981). 
 
1.2.3.3 Osteoclasts: Large, multinuclear cells that enzymatically break down bone 
tissue, influencing bone growth, remodeling, and healing. 
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Figure 1.2 Bone cells: (A) Osteoblasts are responsible for synthesis, deposition and 
mineralization of the bone matrix (http://www.mypondsoftware.com/bone.jpg).  
(B)  Osteocytes  are  mature  bone  cells  involved  in  bone  response  to  mechanical 
loading  (https://vault.swri.org/cms/upload/cells_500pixels.jpg).  (C)  Osteoclasts  are 
large  multinucleated  cell  responsible  for  the  dissolution  and  absorption  of  bone 
(http://www.weizmann.ac.il/sb/faculty_pages/Addadi/osteoclast.html). Chapter I General Introduction  5 
1.3 Bone modeling and remodeling 
 
As has been described, the basic multicellular unit of bone comprises the osteocytes,
 
osteoclasts and osteoblasts. Activities of this unit are regulated
 by mechanical forces, 
bone cell turnover, hormones (e.g. parathyroid
 hormone, growth hormone), cytokines 
and local factors.
 The activation process is at least partly regulated by the osteocytes,
 
which  detect  mechanical  stress  and  respond  to  biochemical  stimuli.
  Direct 
communication  via  gap  junctions  (or  hemichannels)  between  osteocytes  and 
osteoblasts  is  critical  for  osteoblast  response  to  physical  stimuli  (Civitelli,  2008). 
Activation  results  in  the  lining  cells  of  the  endosteal  surface
 being  retracted,  and 
digestion  by  matrix  metalloproteinases
  of  the  endosteal  collagenous  membrane. 
Osteoclasts  are  then
  recruited  and  mediate  resorption
  of  the  underlying  bone. 
Subsequently, osteoblasts are recruited
 to the resorption cavity and lay down new 
osteoid,  which  eventually
  becomes  calcified;  this  process  is  completed  in 
approximately
 3–6 months. The rate of bone turnover varies according
 to the type of 
bone; being highest in sites where trabecular
 bone predominates such as vertebrae and 
lowest at sites high
 in cortical bone such as the hip (Chen et al., 1997, Datta et al., 
2008, Modder and Khosla, 2008). Bone remodeling can, in fact, be separated into 
three phases: initiation phase, transition phase and termination phase as shown in 
figure 1.3 (Matsuo and Irie, 2008, Hadjidakis and Androulakis, 2006, Fernandez-
Tresguerres-Hernandez-Gil et al., 2006). Chapter I General Introduction  6 
 
Figure  1.3  Bone  remodeling  and  possible  osteoclast–osteoblast  interactions 
(Matsuo and Irie, 2008). Cells from osteoclast (red) and osteoblast (light and dark 
blue)  lineages  are  shown.  (a)  Recruitment  of  osteoclast  precursors  in  the  early 
initiation phase. (b) Differentiation of osteoclasts on the bone surface beneath lining 
cells  (light  blue)  in  the  initiation  phase.  (c)  Bone  resorption  by  multinucleated 
osteoclasts, which induce osteoblast differentiation (dark blue) in the transition phase. 
(d)  Osteoclast  apoptosis  in  resorption  lacunae  in  the  transition  phase.  (e)  Bone 
formation by osteoblasts and osteocyte generation in osteoid in the termination phase. 
(f) Entry into quiescence in the termination phase. 
 
1.4 Stem cells and Osteoblast differentiation 
 
Bone  marrow  contains  the  hematopoietic  stem  cells  and  mesenchymal  stem  cells 
(MSCs). The MSCs are multipotent stem cells that give rise
 to progenitors for several 
mesenchymal tissues, including bone,
 cartilage, tendon, adipose, and muscle (Caplan, 
1994, Majumdar et al., 1998). This characteristic is known as multipotency. Bone 
marrow stromal or mesenchymal stem cells are fibroblastic in appearance (they were 
originally  termed  fibroblastic  colony  forming  units)  and  have  osteogenic 
differentiation  potential  (Friedenstein  et  al.,  1992).  These  cells  are  located  at  the 
perivascular spaces surrounding the vascular sinusoids in the bone marrow (Sacchetti Chapter I General Introduction  7 
et al., 2007) and can roughly be isolated from hematopoietic cells of bone marrow by 
selective adherence to plastic surfaces (Rickard et al., 1996). That said, the adherent 
population is, in fact, heterogeneous and contains primitive MSCs, cells that have 
started  to  commit  and  mature,  terminally  differentiated,  cells  (e.g.  committed 
osteoprogenitor,  pre-osteoblast  and  osteoblast),  and  is  better  described  as  the 
osteoprogenitor population (Triffitt JT, 1998). The use of the monoclonal antibody 
STRO-1 to bind specifically to an MSC surface marker is helpful in separating the 
most primitive MSCs as a homogeneous fraction from the total adherent cells – i.e. 
the true stem cells rather than e.g. committed osteoprogenitors etc. These cells are 
multipotent stem cells that may give rise to different tissues. Bone marrow is not the 
only source of osteoprogenitor cells, however, it is still by far the best characterized 
source (Vaananen, 2005). 
 
For MSCs to differentiate along the osteoblastic lineage requires activation of key 
transcription factors and coordinated interaction among diverse endocrine, paracrine 
and autocrine factors (Datta et al., 2008). Examples of known signalling pathways of 
bone differentiation are reported below: 
 
(1)  Wnt:  Wnt/β-catenin  signaling  regulates  osteogenesis  through  multiple 
mechanisms. Wnts repress alternative mesenchymal differentiation pathways such as 
adipocyte  and  chondrocyte  differentiation  and  promotes  osteoblast  differentiation, 
proliferation,  and  mineralization  activity  while  blocking  osteoblast  apoptosis.  By 
increasing  the  ratio  of  osteoprotegerin  (OPG)  to  RANKL,  β-catenin  represses 
osteoclastogenesis. (Krishnan et al., 2006). 
 
(2)  Bone  morphogenic  protein  (BMP):  Activation  of  BMP  receptors  initiates 
phosphorylation of the downstream effector proteins, known as receptor-regulated 
Smads (SMADs are molecules of relative molecular mass 42K–60K with two regions 
of homology at the amino and carboxy terminals, termed Mad-homology domains 
MH1 and MH2, respectively, which are connected with a proline-rich linker sequence 
(Heldin et al., 1997)), leading to signal transduction. Receptor-regulated Smads form Chapter I General Introduction  8 
a hetero-oligomeric complex with a common mediator Smad, which translocates into 
the nucleus and regulates target gene transcription (ten Dijke, 2006). 
 
(3) Runx2: Runx2 enhanced PI3K-Akt signaling by up-regulating the protein levels 
of  PI3K  subunits  and  Akt,  whereas  PI3K-Akt  signaling  greatly  enhanced  DNA 
binding of Runx2 and Runx2-dependent transcription (Fujita et al., 2004). Osterix, 
beta-Catenin and ATF which act downstream of Runx2 contribute to the control of 
osteoblastogenesis (Marie, 2008). Osterix (Osx) is a zinc finger transcription factor 
specifically expressed by osteoblasts which is important for osteoblast differentiation 
(Caetano-Lopes et al., 2007). 
 
Better understanding of the molecular signaling involved in osteogenic differentiation 
of osteoprogenitor cells and how materials can influence these processes is a key to 
the  development  of  next-generation  biomaterials.  Specifically,  3
rd  generation 
biomaterials have been described as materials that will not only support tissue (1
st 
generation), not only be bioactive / biodegradable (2
nd generation) but will also allow 
known control of individual cells at the molecular level (Hench and Polak, 2002). 
 
In this thesis, the adherant cells of the marrow; the osteoprogenitor cells were used. 
This is because they are the most representative of the cell type an implant would 
have to influence in vivo, they contain MSCs and also, for bone tissue engineering 
purposes, they allow rapid expansion of cells that can form bone. If pure MSCs were 
to  be  use,  the  very  low  numbers  in  the  marrow  would  neccessatate  very  long 
isolation, purification and culture times until usuable numbers were available. In the 
meantime,  the  patient  would  be  waiting  for  therapy  and  the  cells  would  stand  a 
greater chance of e.g. infection. 
 
1.5 Bone mineralisation 
 
The bone mineral substance has two main functions: 
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(1) Biomechanical control for maintaining the stability of the skeleton.  
 
(2) Metabolic control as a reservoir of many ions and control of mineral homeostasis. 
Mature bone tissue is composed of 60–70% mineral substance and 30–40% organic 
substance (mainly consists of type I collagen fibrils). Bone mineral is metabolically 
active and interactions between ions from the extracellular fluid and ions constituting 
apatite crystals are possible. This can happen in every step of bone formation from 
initial formation to growth, maturation and dissolution. Crystal growth depends on 
diffusion of ions and the degree of mineralization slows if the water content becomes 
too low. Consequently, in young bone tissue, the water content is high and ions are 
constantly exchanged with apatite. Conversely, in old bone tissue, these exchanges 
decrease considerably (Boivin and Meunier, 2003). 
 
Matrix vesicles are extracellular vesicles with a diameter of 100 nm thought to be 
important in new mineral growth, i.e. they protect the nucleation of mineral. The 
biogenesis of these vesicles occurs by polarized budding and pinching from specific 
regions of the outer plasma membrane of chondrocytes, osteoblasts, and odontoblasts 
and selectively located within the matrix of bone (or cartilage during endochondral 
ossification). The mineralization process has two stages: 
 
Phase 1 mineralization: production of initial apatite mineral crystals occurs within 
the  matrix  vesicle  membrane  and  is  controled  by  phosphatases  such  as  alkaline 
phosphatase and Ca-binding molecules such as annexin1 and phosphatidyl serine. 
 
Phase  2  mineralization:  begins  with  breakdown  of  matrix  vesicle  membranes, 
exposing  preformed  apatite  to  the  extracellular  fluid.  After  that  mineral  crystal 
proliferation is governed by extracellular conditions. The extracellular fluid normally 
contains  sufficient  Ca
2+  and  PO4
3-  to  support  continuous  crystal  proliferation. 
(Anderson, 1995, Anderson, 2003). 
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1.6 Mechanotransduction 
 
Bones  are  designed  to  cope  with  and  respond  to  mechanical  force  during  their 
lifetime, thus mechanotransduction is likely to impact upon bone formation. Physical
 
forces, including gravity, tension, compression and shear force influence
 growth and 
remodeling in all living tissues at the cellular level (Ingber, 1997a, Ingber, 1997b). 
Mechanotransduction is the process by which mechanical changes in the extracellular 
environment
 are converted in genomic and ultimately proteomic (e.g. phenotypical) 
changes (Lele et al., 2006). 
 
1.6.1 Mechanical forces control cells 
 
In mature bone tissue, mechanical response is largely controlled by osteocytes, which 
respond to a loading-induced flow of interstitial fluid through the lacuno-canalicular 
network by producing biochemical molecules such as prostaglandins
 E2 (PGE2) and 
insulin-like growth factor I (IGF) (Burger and Klein-Nulend, 1999). These signalling 
molecules can induce bone modeling and remodeling. Other than via biochemical 
molecules, osteoclasts and osteoblasts can communicate with each other through cell–
cell contact and cell–bone matrix interaction (Matsuo and Irie, 2008). 
 
Interactions  between  cells  and  their  environment  can  induce  cell  deformation 
(changes in cellular morphology) and in-turn, induce cytoskeleton rearrangements. In 
tissues, there are many nanoscale cues for cells to interact with and that will alter cell 
morphology. For example, the fibers
 of the ECM and basement membrane (10 to 300 
nm in diameter),
 their interconnecting nanopores, and hydroxyapatite crystals
 (4 nm) 
found in natural bone, typically have nanoscaled dimensions (Stevens and George, 
2005).  As  cells  respond  to  their  nanoenvironment  they  can  develop  (or  indeed 
depolymerise) contractile stress fibres through adhesion remodeling, producing forces 
that  act  on  themselves  (change  of  morpholopgy)  and  upon their  adhesions  which 
then,  in-turn,  will  organize  the  ECM  and  neighbouring  cells  (Curtis  and  Riehle, 
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molecules,  as  will  be  discussed.    In  this  context,  mechanotransduction  is  the 
conversion of physical force, such as contractile forces, occurring at cell–extracellular 
matrix  contacts  (focal  contact  and  focal  adhesion),  into  biochemical  signaling 
(Bershadsky et al., 2003). 
Cellular adhesion molecules that play an important role in focal adhesion formation 
and subsequent signalling are the α and β subunits of the integrin family. Integrins 
link the extracellular matrix with the actin cytoskeletons via the cytoplasmic domains 
of β-integrin subunits. At this site, adaptor molecules such as talin, actinin, filamin 
and tensin connect directly to actin cytoskeletons (Bershadsky et al., 2003, Geiger et 
al., 2001, Liu et al., 2000). Some of these adaptor proteins (talin and tensin) belong to 
a  phosphotyrosine-binding  module  that  links  the  integrin  receptors  to  the  actin
 
cytoskeleton  (Calderwood  et  al.,  2003).  The  role  of  talin  is  not  only  to  link  the 
cytoplasmic  tail  of
  β-integrins  to  the  actin  cytoskeleton  but  also  to  increase
  the 
affinity of the extracellular domain of integrin for the
 extracellular matrix while tensin 
negatively regulates actin assembly by capping the barbed
 end of filaments through 
its  central  domain  (Le  Clainche  and  Carlier,  2008).  As  previously  discussed, 
osteocytes respond to mechanical stimuli with the production of signaling molecules 
which  modulate  the  activities  of  osteoblasts  and  osteoclasts,  thus  converting 
mechanical stimuli into cellular signals (Klein-Nulend et al., 2005). 
 
1.6.2 Focal adhesions 
 
Cells start by forming small dot-like adhesion sites with diameters less than 1 µm 
called focal contacts (or focal complexes). Adhesion takes place when lamellipodia 
are  formed.  Protruding  lamellipodia  contain  a  polymerizing  network  of  actin 
filaments (Bershadsky et al., 2003, Geiger and Bershadsky, 2001). The maturation of 
focal contacts to focal adhesions happens by conversion of actin filament networks to 
contractile stress fibers (Heath and Dunn, 1978). These stress fibers apply tensile 
force to the contacts, resulting in integrin gathering into larger focal adhesions; these 
focal adhesions are essential for subsequent cell signaling (Bershadsky et al., 2003, Chapter I General Introduction  12 
Mogilner  and  Oster,  2003).  Association  between  integrins  and  the  extracellular 
matrix proteins, the starting point of focal contact formation is shown in figure 1.4. 
 
The cell cytoskeleton which is tethered to the adhesions plays a central role in cellular 
mechanotransduction  in  all  vertebrate  cells  (Ingber,  1997b).  The  cytoskeleton  is 
thought to provide the cytoplasm with the inhomogenity required for long-distance 
force propogation (Wang and Suo, 2005). Furthermore, it is considered to act as an 
interconnected  percolation  network  made  of  the  microfilaments,  microtubules  and 
intermediate  filaments  (as  will  be  described)  that  relay  mechanical  signals  from 
adhesion to nucleus. The percolation theory is analogous to a spider in a web whereby 
the web is the extracellular matrix that relays mechanical signals (from changes in 
flow, stiffness, chemistry or topography) to the spiders legs (the cytoskeleton) which 
in-turn replay the signal to the spiders body (the nucleus) allowing the spider to act 
(change  genomic  /  proteomic  output).  A  specialization  on  this  theory  is  cellular 
tensegrity. 
 
The cytoskeletal networks are thought to maintain a constant, basal level of tension, 
so that small, local deformations affect overall cytoskeletal tension, initiating cellular 
deformation. For this to be achieved, the cytoskeleton would have to be stabilized 
both  through  compression  and  tension  with  applied  pre-stress  from  the  focal 
adhesions.  This  is,  in  fact,  an  old  architectural  principle  that  describes  tensile 
structure stabilization and when applied to a cell, the balance of tension between 
cytoskeleton is called cellular tensegrity (Ingber, 2003a, Ingber, 2003b). Tensigrity 
theory will be expanded on further in the introduction. 
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Figure 1.4 Association between integrins and extracellular matrix proteins such 
as fibronectin is a key event in cell adhesion. This phenomenon will recruit many 
adaptor  proteins  which  may  affect  cytoskeletal  rearrangement.  Adapted  from 
(http://www.palaeos.com/Eukarya/Eukarya.Origins.2.html). 
 
1.6.3 Cytoskeleton: The cytoskeleton is composed of three distinct elements: actin 
microfilaments,  tubulin  microtubules  and  intermediate  filaments  (intermediate 
filaments vary in composition but, in mesenchymal cells, they are made of vimentin). 
The actin cytoskeleton allows formation of cell protrusions (filopodia, lamellipodia) 
and  contractile  forces  through  stress  fibre  polymerization.  Microtubules  form  a 
polarized network allowing organelle and protein movement throughout the cell and 
are thus important in metabolism and e.g. guidance of new proteins through the golgi 
body.  Intermediate  filaments  are  generally  considered  the  most  rigid  component, 
responsible  for  the  maintenance  of  the  overall  cell  shape  and  are  thought  to  be 
involved in cushioning the nucleus from sudden shock. Chapter I General Introduction  14 
1.6.3.1  Microfilaments  (MFs)  or  actin  filaments:  Actin  filaments  (F-actin)  are 
formed by two polymers of globular subunits (G-actin) that bind and hydrolyse ATP. 
These filaments have a 6 nanometer diameter. Actin filaments have inherent polarity, 
a plus (`barbed')
 end and a minus (`pointed') end. These filaments can form stress 
fibres which are composed of bundles of approximately 10-30
 actin filaments. These 
bundles are held
 together by the actin-crosslinking protein α-actinin and alternate 
with bands containing non-muscle
 myosin and tropomyosin (Pellegrin and Mellor, 
2007).  Actin filaments  are  also  dynamic  polymers,  of  which  each  end  can  either 
polymerize or depolymerize and net growth depends on free subunit concentrations 
(Li and Gundersen, 2008). 
 
1.6.3.2  Intermediate  filament  (IFs):  The  IFs  have  a  10-nanometer  diameter.  In 
contrast with MFs and MTs, the molecular building blocks of IFs are not globular 
proteins but fibrous proteins (Herrmann and Aebi, 2004). They are dimers composed 
of  two  α-helical  chains
  oriented  in  parallel  and  intertwined  in  a  coiled-coil  rod 
(Herrmann and Aebi, 2000, Herrmann and Aebi, 2004). The association
 of dimers 
results  in  linear  arrays,  four  of  which  associate  in
  an  anti-parallel,  half-staggered 
manner to produce protofibrils;
 and three to four protofibrils intertwine to produce an 
apolar
 intermediate filament. There are a number of IF proteins including: desmin in 
muscle, cytokeratin in hair and epithelia, lamins (these are nucleoskeletal proteins 
which line the inner surface of the nuclear membrane)
 and vimentin IFs of fibroblasts 
and other cells from the mesenchymal route (Fuchs and Cleveland, 1998). Dimer 
association of these IFs are slightly different as shown in figure 1.5. 
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Figure 1.5 The three major IF assembly groups (Herrmann and Aebi, 2004). (A) 
Lamin dimers associate first into head-to-tail filaments that later laterally associate. 
The orientation of the two associating filaments is arbitrary. (B) Vimentin assembly 
starts  from  antiparallel,  half-staggered  double  dimers  (or  tetramers)  to  form  full-
width, unit-length filaments. (C) Keratins assemble from heterodimeric tetramers by 
lateral  and  nearly  concomitant  longitudinal  assembly  into  heterogenous  full-width 
filaments. 
 
1.6.3.3  Microtubule  (MTs):  MT  functions  are  varied  and  include  chromosome 
movement and vesicular trafficing. MTs are cylindrical organelles of varying lengths 
and an overall diameter of 25 nm. The central hollow core is 15 nm in diameter and 
the MTs wall is approximately 5 nm thick. MTs are composed of α− and β-tubulin 
heterodimers of which each monomer is a 55-kDa globular protein, arranged head-to-
tail  to  form  a  polar  protofilament.  Thirteen  protofilaments  assemble  by  lateral 
interactions to form the MTs wall lattice (Brinkley, 1997). 
 
1.6.4 Tensegrity model and signal transduction of surface topography 
 
It is now widely considered that cells act as percolation structures in order to relay 
mechanical signals to the nucleus. This is both biochemical and biomechanical, with 
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and also to the shape of the nucleus. However, simple percolation does not fully 
explain how the cytoskelton distorts the nucleus. One elegant theory, where tension is 
central does start to address cell behaviours in a biomechanical manner, has been 
proposed. 
 
The cellular tensegrity model proposes that the whole cell is
 a prestressed tensegrity 
structure. In the model,
 tensional forces are borne by cytoskeletal microfilaments and
 
intermediate  filaments,  and  these  forces  are  balanced  by  interconnected
  structural 
elements  under  compression,  most  notably,  internal
  microtubule  struts  and 
extracellular  matrix  (ECM)  adhesions.  A  key  observation  in  support  of  this  is 
morphology of cytoskeletal fibres within a cell. In a Petri dish: microfilaments are 
wavey - in a cell they are straight suggesting they are under tension, intermediate 
filaments are curley – in a cell they are merely wavey, again suggesting tension, 
microtubules are straight – in a cell they are wavey suggesting compression (Ingber, 
2003a, Ingber, 2003b).  
 
The topography of a surface engineered with nanoscale
 structural features can be used 
to  control  cell  behavior  (Biggs  et  al.,  2008a,  Curtis  and  Wilkinson,  1997).  Cell 
growth,  differentiation,  secretion,  movement,  signal  transduction,  and  gene 
expression all can be altered by applying mechanical stresses directly to cultured cells 
(Ingber,  1997a).  Changes  in  the  topographical  features  of  a  surface  affect  the 
structural organization and interconnection of the cytoskeleton, akin to application of 
mechanical forces, and provides a physical basis for translating mechanical forces 
into a biochemical response (Curtis et al., 2006, Ingber, 1997a).  
 
The  tensegrity  models  predict  that  living  cells  and  nuclei  may  be  hard-wired  to 
respond immediately to mechanical stresses transmitted over cell surface receptors 
that  physically  couple  the  cytoskeleton  to  extracellular  matrix  or  to  other  cells. 
Tensegrity  also  offers  a  mechanism  to  explain  how  the  cytoskeleton  remodels  in 
response to stress and, hence, how signaling molecules that are immobilized on this 
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to the cell surface. For example, changes in cellular deformity can affect stretch-
activated ion channels and contribute to Ca
2+ (Iribe and Kohl, 2008) or chloride (Han 
et  al.,  2008)  release  that  can  then  influence  signal  transduction.  Changes  in 
topography will cause the cells to remodel their adhesions and this has been shown to 
change  integrin,  paxillin  and  phosphorylated  focal  adhesion  kinase  (pFAK) 
arrangements on nanostructured silicon surfaces (Heydarkhan-Hagvall et al., 2007).  
Furthermore, topography will regulate stabilization of adhesions through changes in 
scaffolding proteins such as RACK 1. RACK 1 is recruited to large focal adhesions to 
stabilize the cell. If the cell needs to contact guide to e.g. grooves, this protein is then 
downregulated  to  allow  the  formation  of  smaller  focal  contacts,  in  turn  allowing 
increased cell motility (Dalby et al., 2008b). Changes in proteins such as FAK, an 
important adhesion regulated kinase, will impact greatly on biochemical signalling 
within  the  cell.  FAK  is  involved  in  regulation  of  G-proteins,  for  example  Rho 
(involved in cell lamellipodial formation), Rac (involved in stress fibre formation) 
and Cdc42 (involved in filopodia formation). It also forms part of the extracellular 
receptor  kinase  pathway  (ERK)  which  influences  many  transcription  factors 
responsible for cell differentiation, e.g. Runx2 / Cbfa1, the osteogenic mastergene) 
(Franceschi et al., 2007). 
 
It is thus likely that there are two modalities of adhesion and cytoskeletal signaling, 
indirect and direct. Indirect describes biochemical pathways effecting transcription 
factors  while  direct  refers  to  changes  in  the  extracellular  environment,  e.g. 
topography that result in deformation of the nucleus via the cytoskeleton. This is 
likely to be by tensile ‘pulling’ of the nucleus as it is unlikely that the cytoskeleton 
has the necessary stiffness to compress the nucleus (perhaps when compressed, the 
nucleus experiences tension at 90
o to the direction of force). It is postulated that this 
will alter the arrangement of chromosomes within the interphase nucleus and that this 
will  in  turn  affect  diffusion  of  transcription  factors,  location  of  genes  and 
transcription  factors,  alter  the  efficiency  of  polymerase  motors  etc;  the  net  result 
being changes in genome and proteome regulation (Dalby et al., 2007a, Dalby et al., 
2007c, Bryant et al., 2003, Osborne et al., 2004). This said, it is very hard to dissect Chapter I General Introduction  18 
out the distinct effects of either mechanotransductive mechanism. 
 
1.7 Scaffolds and surface topography 
 
The  cellular  scaffold  can  be  the  extracellular  matrix  (ECM)  in  vivo  and  e.g.  a 
synthetic substratum in vitro and provides signaling cues based upon the architecture 
and chemistry presented to the cells (Takezawa, 2003). Cell-substratum and cell-cell 
interactions  play  crucial  roles  in  tissue  engineering  in  terms  of  adhesion, 
proliferation, migration, differentiation and gene expression. In vivo, interaction of 
cells  with  the  extracellular  matrix  (ECM)  via  cell  adhesion  molecules  is  key  to 
subsequent  changes  and  this  is  also  true  in  vitro.  Thus,  the  use  of  synthetic 
surfaces/scaffolds  is  one  of  the  underpinning  strategies  in  biomaterials  and  tissue 
engineering. Cells respond to the topography of substrates in the micro/nano range in 
terms of adhesion, proliferation, migration, and gene expression (Jager et al., 2007). 
However, cells in their natural environment also interact with extracellular matrix 
components in the nanometer scale, as has been described (Yim and Leong, 2005). 
 
In  this  present  study,  both  micro-  and  nanoscale  topographies  have  been  used  to 
direct  cell  behavior.  Primarily,  the  focus  for  this  thesis  is  the  use  of  nanoscale 
topography for bone tissue engineering purposes. The topographies were prepared 
using  a  three-step  process.  Firstly,  either  photolithography  or  electron  beam 
lithography  was  used  to  define  patterns  in  silicon  (as  is  traditionally  used  in  the 
microelectronics  industry;  photolithography  has  been  the  workhorse  of  microchip 
fabrication for many years and EBL has developed from this and is the most high-
resolution  top-down  fabrication  tool  available)  (Vieu  C,  2000,  Wilkinson  CDW, 
2002)  .  Secondly,  the  silicon  masters  were  sputter-coated  and  electroplated  with 
nickel  (Ni)  to  create  a  negative  ‘shim’.  This  is  similar  to  the  process  currently 
employed to fabricate DVDs and CDs, whereby polycarbonate is injection moulded 
against Ni shims. These methodologies will be expanded on in the Materials and 
Methods. 
 Chapter I General Introduction  19 
The topography can then be transferred into a thermo-sensitive biopolymer such as 
polycaprolactone (PCL) by embossing. PCL is one of the most popular biopolymers 
used in tissue engineering and it is a FDA (Food and Drug Administration) approved 
biocompatible and biodegradable polymer (Sinha et al., 2004). PCL is a synthetic 
polyester that can easily be degraded by microorganisms. PCL is degraded by lipases, 
esterases and PCL depolymerases (Shimao, 2001). It can be prepared by ring-opening 
polymerization  of  ε-caprolactone  and  has  melting  point  ranging  between  59  and 
64 °C (Sinha et al., 2004). 
 
Surface topography is desirable as it can regulate cell behavior in  a reproducible 
manner. Depending on individual topographic features, the desired cell function may 
vary  e.g.,  adhesion  preference  to  specific  substrates,  patterning  ability  on 
predetermined  substrate  regions,  variable  migration,  improved  proliferation, 
controlled cell-to-cell communication, modulated phenotypic differentiation, altered 
responsiveness  to  chemical  and  physical  extracellular  signals,  and  programmable 
apoptosis (Spatz and Geiger, 2007, Tung et al., 1988). The development of purpose-
specific regulators of cellular systems would enable the regeneration of neo-tissue in 
tissue  engineering  (Lim  and  Donahue,  2007).  Cellular  developments  such  as 
proliferation, differentiation, migration or apoptosis are guided by multiple surface 
cues that are potentially remodeled during cell culture assays. The cell responses are 
controlled  by  intracellular  signaling  pathways  that  are  originally  triggered  by 
transmembrane  proteins  interacting  with  the  engineered  surface  (Falconnet  et  al., 
2006, Hynes, 2002).  
 
The use of surface topography to direct stem cell differentiation has been proposed as 
a new and innovative strategy in bone tissue engineering. Cells require an adhesive 
surface to exert forces and consequently spread. The ability to constrain the spreading 
to a specific cell-surface contact area has been shown to dramatically affect cellular 
development (McBeath et al., 2004). In this study, it was shown that microcontact 
printing of fibronectin squares of either 1000 µm
2 or 10000 µm
2 could alter MSC Chapter I General Introduction  20 
fate. The squares were printed on a low-adhesion background and the small squares 
caused adipogenic differentiation (with rounded cells) and the large squares caused 
osteogenic differentiation (with large, well-spread cells).  
 
Mechanical compliance of cell-adhering substrates can also substantially affect the 
cellular response and development. For example, MSCs cultured on a low stiffness 
substrate (Young’s modulus of 0.1-1 kPa) will form neuronal cells, on a medium 
stiffness (Young’s modulus of 8-17 kPa) they will form smooth muscle cells and on a 
stiffer materials (Young’s modulus of 25-40 kPa – similar to unmineralised osteoid) 
they will form osteoblasts (Engler et al., 2006). 
 
Microtopography  has  been  shown  to  initiate  preosteoblast  cell  differentiation 
associated  with  Runx2  and  osteocalcin  gene  expression  (Schneider  et  al.,  2004).  
Furthermore,  highly  controlled  microstructures  on  PMMA  could  induce  rat  MSC 
differentiation into an osteogenic lineage (Engel et al., 2009). 
 
At the nanoscale, different features of nanoscale topography can influence a number 
of cell types in various ways. Well-defined nanopillar arrays of polyethylene glycol 
were  used  to  modulate  the  adhesion  and  growth  of  cardiomyocytes  (Kim  et  al., 
2005a). Ridges/grooves fabricated in polystyrene can induce contact guidance and 
produce oriented growth of glioma cells along defined axes (Zhu et al., 2004). The 
morphology and proliferation of smooth muscle cells was altered when cultured on 
nanogrooved surfaces (Yim et al., 2005). Microneedle-like posts have been used as 
mechanical sensors to control cell adhesion and it was found that RhoA had a vital 
role in this mechanism (Tan et al., 2003). Nano-porous alumina membranes with 
different sizes can alter molecular responses of smooth muscle cells (Nguyen et al., 
2007). These, and similar, studies indicate a role for nanotopography in modulation 
of tissue formation.  
 
The definition of ‘nano’ depends on which genre/field it is applied to. The nanno 
prefix used to classify very small organisms whose dimensions are now measured to Chapter I General Introduction  21 
be as small as 200 nm in diameter (Joachim, 2005). Generally nanotechnology deals 
with  structures  of  the  size  100  nanometers  or  smaller,  and  involves  developing 
materials or devices within that size. 
 
More  recently,  it  has  been  shown  that  nanotopography  is  critical  for  MSC 
differentiation.  Ordered  materials,  typically  generated  by  e.g.  electron  beam 
lithography, produce surfaces with low cell adhesion. Random roughening, on the 
other hand, has yielded interesting results and has shown that changes in skeletal stem 
cell differentiation can be influenced that are different from planar controls (Leven et 
al., 2004). However it is impossible for the researcher to identify which features of a 
random  surface  are  influencing  stem  cells.  A  novel,  third  way  with  controlled-
disorder patterns defined using electron beam lithography has recently been reported. 
Employing pits with 120 nm diameter (100 nm deep) with either fixed 300 nm centre-
centre spacing in a  square pattern or through random placement both the highly-
ordered and random cell environments were mimicked. Cell growth substrates were 
also fabricated with deliberately disordered pits in a square arrangement. This gave an 
average of 300 nm centre-centre spacing but with either ± 20 nm or ± 50 nm error in 
X and Y from a true square placement. Whilst planar control, true square and random 
substrates  produced  negligible  differentiation,  bone  differentiation  with  similar 
efficiency as with chemical (dexamethasone and ascorbate) treatment was observed 
on the disordered patterns (Dalby et al., 2007b). 
 
These three key observations (chemistry, stiffness and topography) are described as 
biomimetic. Cell bodies have different shapes and sizes and confinement to these 
sizes through mechanics or adhesion modulation may instruct the stem cells take on 
the roles of differentiated cells naturally found in those size ranges. Different organs 
have different Young’s moduli and it would appear that growth substrates of moduli 
typical  to  specific  organs  can  in  turn  induce  tissue-specific  differentiation.  In 
addition, cells are surrounded by the nanoscale shapes of fibrilar protein assemblies 
(Stevens and George, 2005). However, these features will have a greater variation in 
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that the degrees of order that are biologically achievable are important whereas either 
strict  order  or  randomness  is  not  as  biomimetic.  Moreover,  cells  in  the  body 
experience these cues not as static parameters but as stimuli which vary in space and 
time. Therefore cells are highly responsive to signalling gradients including:  
 
-  chemotaxis  (Kay  et  al.,  2008)  and  haptotaxis  (Thiery,  1984)  for  chemical 
  gradients (free from and attached to a surface respectively). 
-  galvanotaxis (Mycielska and Djamgoz, 2004) for electrical gradients. 
-  durotaxis (Lo et al., 2000) for elasticity gradients. 
-  contact guidance for topography (Curtis and Varde, 1964).  
 
Thus, it would appear logical that for a cell type that is actively seeking their fate, i.e. 
stem  cells,  these  will  be  critical  environmental  cues  and  their  display  in  a  tissue 
engineered application must mimic their natural in vivo presentation (Boonen et al., 
2009, Heidi Au et al., 2009, Sanchez-Fernandez et al., 2008). 
 
1.8 Bioreactors for bone tissue engineering 
 
To  achieve  the  biomass  production  for  potential  clinical  applications  of  tissue 
engineering, a system or compartment that can accelerate tissue growth is required. 
This  compartment  will  serve  to  contain  the  engineered  construct  under  sterile 
conditions and provide the appropriate stimuli that would result in a neotissue with 
biochemical and biomechanical properties comparable to in situ tissue (Abousleiman 
and Sikavitsas, 2006). In the tissue engineering field such a system is described as a 
“bioreactor” and it is required to provide appropriate ex vivo conditions for cultured 
tissues. The bioreactor can be used as an optimum medium delivery system (e.g. 
flow, stirred or rotary) and can further be used to provide e.g. shear force to stimulate 
the cells via mechanosensitive signal transduction. Here, however, the bioreactor has 
simply been used to deliver a constant supply of fresh media to the cells to enhance 
growth. Due to the size of the flow chambers and the slow flow rate, the flow would 
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The conventional method of using bioreactors in tissue engineering is to seed the 
appropriate  cells  onto  biodegradable,  biocompatible  scaffolds  which  contain,  for 
example, the desired topographic feature and cultivate the cell-scaffold constructs in 
the bioreactor, delivering a constant supply of fresh media.  
 
1.9 Proteomics 
 
Once cells were stimulated by e.g. topography, signal transduction cascades will be 
initiated. Conventionally, using biochemical or molecular analysis, researchers will 
investigate  the  regulation  of  the  genome  using  PCR  for  a  few  specific  genes  or 
protein  analysis  (e.g.  Western  blot)  for  a  limited  number  of  selected  proteins. 
However, it is possible that many other pathways could also be stimulated alongside 
the pathways traditionally considered of importance. Thus, the monitoring of global 
changes induced by the stimulator is of potential value, since all signaling pathways 
function  as  a  co-network  with  many  interactions  and  feedback  loops.  The  global 
observation  of  changes  is  even  more  important  with  the  description  of  third-
generation biomaterials that will not only provide mechanical support, but will have 
known molecular control over cells (Hench and Polak, 2002).  
There is presently limited understanding of how surface topography directs stem cell 
differentiation - really all that is known is that it does. The comparison of global 
changes in protein expression in cells cultured on different topographies may provide 
novel data. The goal of comparative proteomics is to analyse proteome changes in 
response  to  different  development  or  environment  and  is  thus  suitable  for  the 
observation  of  global  protein  changes  to  topographically  structured  surfaces 
compared to flat control surfaces (Minden, 2007). Due to the small sample size of 
tissue cultured material, sensitive analytical methods need to be employed.  
 
1.9.1 Differential In Gel Electrophoresis (DIGE) 
 
Recently,  a  fluorescent  labelling  based  on  traditional  2D  gel  electrophoresis  but 
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In traditional 2D gel electrophoresis, two separate gels are run and compared by eye. 
However, dimorphism between two electrophoretic gels can cause difficulties such as 
coordinated spot mismatch. In DIGE, the control and test samples are labeled by 
different  fluorescent  dyes  and  then  co-electrophoresed  in  the  same  gel.  The 
differential intensity of the same ‘spot’ can then simply be considered. To achieve the 
highest volume of data while using the smallest amount of sample, for this thesis a 
highly sensitive saturation labelling technique was employed. 
 
1.9.1.1  Saturation  labelling:  In  minimal  labelling  (the  standard,  cheaper, 
alternative), lysine residues are covalently labeled at the ε-amino group with very low 
ratio of dye to protein, thus only 3–5% of the total protein present in the sample are 
labeled  and  at  least  50  µg  protein  is  needed  (Marouga  et  al.,  2005).  Recently, 
Amersham  developed  a  saturation  Cy3  and  Cy5  based  system  to  enable  co-
electrophoresis  of  up  to  two  samples  on  the  same  gel  suitable  for  detecting 
differences in protein after only 5 µg total protein loading.  
 
In  all  proteins,  cysteines  are  low  in  prevalence  and  less  abundant  than  lysine. 
Moreover, cysteine contains a thiol group which is needed for the labelling reaction 
(figure 1.6). This allows the saturation dyes to label all available cysteine groups on 
each protein (Westermeier and Scheibe, 2008). In contrast with minimal labelling, to 
achieve  optimum  labelling  of  cysteine  residues,  a  high  ratio  of  dye  to  protein  is 
required. This set of dyes has a maleimide reactive group which is designed to form a 
covalent bond with the thiol group of cysteine via a thioether linkage. The saturation 
dyes  have  a  neutral  charge  and  they  are  matched  in  molecular  weight  (adding 
approximately 677 Da to the labeled protein). Consequently, as the CyDye DIGE 
fluor saturation (also referred to as scarce sample labelling) dyes are matched for 
charge and molecular weight, the same protein labeled with any of these dyes will 
migrate to the same position on a 2D gel. The Cy3, and Cy5 dye images are scanned 
sequentially with 532, and 633 nm lasers, respectively, and emission filters of 580 
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laser combinations are selected to give the optimum results with minimal cross-talk 
between fluorescent channels. 
 
1.9.1.2 Basic methodology in 2D gel electrophoresis: 
 
First  dimension:  isoelectric  focusing  (IEF):  Proteins  are  amphoteric  molecules 
containing  acidic  and  basic  groups.  They  become  protonated  or  deprotonated, 
depending on the pH environment. In a basic environment, the acidic groups become 
negatively  charged;  in  acidic  environments  the  basic  groups  become  positively 
charged; the net charge of a protein is the sum of all negative or positive charges of 
the amino acid side chains. When an electric field is applied, the protein will start to 
migrate towards the electrode of the opposite sign of its net charge. At the isoelectric 
point (pI), the protein has no net charge and stops migrating (Lopez, 2007). 
 
Immobilised  pH  gradient  (IPGs)  are  prepared  by  co-polymerising  acrylamide 
monomers with acrylamide derivates containing carboxylic groups. In this case, the 
gradient cannot drift and it is not influenced by the sample composition. Several wide 
gradients of IPG strip have been used for the work presented in this study (e.g. 3–10, 
4–7). The complete voltage load during IEF is defined in volt–hour integrals (Vh). If 
the  applied  Vh  are  insufficient,  spots  are  not  round  and  horizontal  streaks  are 
produced. Thus higher Vh loads are needed for samples containing high molecular 
weight proteins, more hydrophobic proteins and preparative runs. On the other hand, 
when the proteins are focused for too long, cysteins become oxidised and the pI of the 
proteins changes. This results in some proteins becoming unstable at their isoelectric 
point. The modified proteins have different pI values and start to migrate again with 
the horizontal streaks radiating from the spots. The best results are obtained with the 
shortest possible focusing phase at the highest possible voltage (Lopez, 2007). 
 
The  sample  application  is  also  important  to  obtain  good  2D  results.  There  are 
different  modes  of  sample  application  to  the  first  dimension  IPG  strip.  In-gel 
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and reduces focusing times. With this technique, the dehydrated IPG strip is directly 
reswollen  with  the  protein  sample  dissolved  in  the  rehydration  solution.  After  a 
suitable rehydration time, the IPG strip is ready for the first dimension, with the 
proteins already uniformly distributed within the gel matrix. The advantage of in-gel 
rehydration is the large volume of sample that can be applied with the minimization 
of sample aggregation and precipitation since the sample is diluted through the entire 
gel strip (Lopez, 2007). 
 
The strips containing the focused proteins are equilibrated in SDS buffer to transform 
the focused proteins into SDS-protein complexes, which are completely unfolded and 
carry negative charges only. They are then ready to be run on the second dimension, 
or they can be stored at - 60 to - 80 °C in a deep-freezer. In this study equilibration is 
performed once on a shaker. SDS at 2% is also sufficient for preparative protein 
loads. Recently, it has been demonstrated that by increasing the SDS concentration 
(from 2% to 10%), the solubilisation of hydrophobic proteins is improved. DTT is 
included in the equilibration buffer, to ensure that proteins are reduced prior to SDS-
PAGE; when very high protein loads are analysed, the concentration of DTT needs to 
be increased. 
 
Second dimension: SDS-PAGE: The second dimension of 2D separates proteins on 
the basis of their apparent molecular weights in polyacrylamide gels in the presence 
of  SDS.  In  this  step,  large  amounts  of  SDS  is incorporated  into  the  SDS-protein 
complex in a ratio of approximately 1.4 g SDS/ 1 g protein. Thus, SDS masks the 
charge of the proteins themselves and the anionic complexes formed have a more or 
less  constant  net  negative  charge  per  unit  mass.  Therefore,  the  electrophoretic 
mobility of proteins treated with SDS depends on the molecular weight of the protein 
alone. 
 
The size of the gel clearly influences protein resolution. Typically, high-resolution 
2D systems use 1–1.5 mm thick slab gels measuring 20 cm × 20 cm and are capable 
of resolving over 1500 proteins. Large gels provide a three- to four-fold increase in Chapter I General Introduction  27 
the number of proteins detected. An appropriate acrylamide concentration is 12.5%. 
Lower  percentages  worsen  the  resolution  of  two-dimensional  maps,  and  higher 
percentages (e.g. 15%) make the extraction of proteins from the gel more difficult for 
later studies. When the optimal conditions have been found, replicate gels should be 
run, to check whether the pattern differences observed are caused by the noise of the 
system or by variations between different samples (Lopez, 2007). 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.6 Saturation labelling: Schematic of labelling reaction of protein thiols 
with maleimide cyanine dyes (Shaw et al., 2003). 
 
1.9.2 Dimethyl labelling 
 
DIGE does have a number of limitations (e.g. the recovery of hydrophobic proteins) 
and thus some important data can be misinterpreted. Thus, another labelling method 
was  applied  to  confirm  the  effect  of  nanotopography  on  osteoprogenitor  cell 
differentiation. This method uses non-isotopic and isotopic formaldehyde to globally 
label the N-terminus and ε-amino group of lysine through reductive amination (figure 
1.7).  This  labelling  reaction  is  fast  (less  than  5  min)  and  complete  without  any 
detectable  byproducts  based  on  the  analysis  of  matrix-assisted  laser 
desorption/ionization  tandem  time-of-flight  (MALDI/TOF)  and  electrospray  mass 
spectrometry (ESI-Q-TOF). (Hsu et al., 2003). Since proteins from control and test Chapter I General Introduction  28 
samples  were  differentially  labeled  by  non-isotopic  and  isotopic  formaldehyde, 
determined by comparison between the two labeled products can be performed by 
using  LC/MS  for  quantification  and  LC/MS/MS  for  peptide  sequencing.  By 
modification of the protocols described by (Hsu et al., 2005, Hsu et al., 2006), this 
method  has  been  applied  in  this  thesis  to  detect  the  differential  regulation  of 
osteoprogenitor cell proteomes cultured on topography. 
 
 
Figure  1.7  The  dimethyl  labelling  reaction  adapted  from  (Hsu  et  al.,  2003). 
Formaldehyde reacts with the N-terminus, or an ε-amino group of a lysine residue, of 
a peptide to form a Schiff base that is reduced by sodium cyanoborohydride to form a 
secondary amine, which is relatively more reactive than the primary amine. 
 
There are several advantages and disadvantages when compared to the other methods. 
The  table  1  conclusively  compares  the  advantages  against  the  disadvantages  of 
dimethyl labelling (Hsu et al., 2005, Krusemark et al., 2008). 
 
1.9.3 Mass Spectrometry 
 
Mass  spectrometric  analysis  followed  by  database  searching  has  become  a  well-
established  tool  for  the  identification  of  biomolecules  including  proteins,  nucleic 
acids,  and  carbohydrates.  This  thesis  only  focuses  on  peptide  and  protein 
identification.  Traditionally,  proteins  are  separated  by  2D  gel  electrophoresis, Chapter I General Introduction  29 
followed  by  staining,  excision,  in-gel  digestion  and  the  resulting  peptides  are 
analyzed by mass spectrometry  
 
Table 1.1 The advantages and disadvantages of dimethyl labelling. 
 
 
Advantage 
 
Disadvantage 
•  The isotopic formaldehyde used 
as the dimethyl labelling reagent 
is inexpensive and commercially 
available 
•  The derivatization procedure for 
dimethyl labelling is relatively 
fast and simple 
•  The ionic state is not changed 
significantly by dimethyl 
modification 
•  The dimethyl modification is a 
global labelling that labels not 
only lysine residues but also the 
N-terminus of the peptide, 
without significant isotopic 
effects 
•  It  produces  a  large  number  of 
peaks, which requires a relatively 
pure  sample  or  a  greater 
separation power to resolve these 
peaks. 
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1.9.3.1 Matrix-assisted laser desorption/ionization time-of-flight mass 
spectrometry (MALDI-Tof-MS) 
 
MALDI is a technique of transferring biomolecules into the gas phase as ions, by 
adding one charge to these molecules or analytes. The principle of this method is the 
embedding  of  such  molecules  into  a  crystal-like  structure  of  weak  organic  acids 
called “matrix”. The matrix is responsible for ionization, facilitates desorption and 
protects  the  analytes  from  decomposition.  Thus,  the  chosen  matrix  should  be  a 
substance that strongly absorbs the energy of the laser beam at a wavelength where 
analytes exhibit only weak absorption. After ionization and desorption, the charged 
molecules  are  accelerated  in  an  electric  field  and  gain  a  fixed  kinetic  energy. 
Subsequently, the mass/charge ratio is measured by the time of flight. The minimal 
amount of analyte needed in MALDI depends on sample purity and usually is in the 
low  picomole  range  (Bonk  and  Humeny,  2001).  Tandem  MS  (MS/MS)  is  an 
advanced MS technique utilizing two coupled mass spectrometric analyses. 
 
1.9.3.2 The advantages of MALDI 
 
(1) A wide mass range can be analysed: Biomolecules of molecular weight from 1-
300 kDa can be identified. 
(2) High accuracy. Mass accuracy is in the range of 0.01% so peptides up to 2 kDa 
can be measured with isotope resolution. Molecules up to 300 kDa can be analyzed 
within a few seconds. 
 
(3) High sensitivity: Analyte of picomolar concentration can be identified. 
 
1.9.3.3  Matrix  and  soft  ionization  technique:  As  previously  mentioned,  the 
selection of the used matrix is important as well as sample–matrix preparation. The 
high excess of matrix : sample (from 100:1 to 10,000:1) is important, since the matrix 
serves as the absorber of the UV laser radiation and breaks down rapidly expanding 
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between analyte molecules and provides protonated and free-radical products that 
ionize the molecules of interest. As the analyte itself does not absorb the laser energy 
directly, the method is considered a soft ionization technique, allowing the analysis of 
complex biomolecules up to several hundred kilodaltons (Marvin et al., 2003). 
 
1.9.3.4 MALDI/TOF/TOF 
 
MALDI is traditionally coupled to TOF analysers. After the analyte molecules are 
ionized, they are drawn from the evaporation chamber into the MS by the voltage 
applied across the chamber. The principle of the TOF mass analysis is to measure the 
flight time of ions accelerated out of an ion source into a field-free drift tube to a 
detector. Mass-to-charge ratios are determined by measuring the time that ions take to 
move through a field-free region between the source and the detector as shown in 
figure 1.8 (Lane, 2005). The flight time is related to the mass-to-charge ratio (m/z) 
values of the gas-phase ions. Light ions arrive at the detector faster than heavy ions if 
they carry the same number of charges (Jonsson, 2001). Mass resolution is affected 
by slight variations in flight time, ions with the same m/z value but with different 
distances to the detector (different energetic ion) will consequently be detected at 
different time points and result in poor mass resolution. This problem was solved by 
the  use  of  ion  mirrors,  or  reflectrons  (Mamyrin,  1973).  The  reflectron  creates  a 
retarding field that deflects the ions, sending them back through the flight tube. The 
more energetic the ion, the deeper it penetrates the retarding field of the reflectron 
before being reflected. Thus a more energetic ion will travel a longer flight path and 
arrive at the detector at the same time as less energetic ions of the same mass. For 
better sensitivity, coupling ion sources to mass analysers such as TOF-TOF analysers, 
in which two TOF sections are separated by a collision cell can be used. The Applied 
BioSystems  (Framingham,  MA,  USA)  model  4700  TOF/TOF  mass  spectrometers 
decelerate the precursor ions from 20 keV to 1–2 keV using a series of retarding 
lenses. The precursor ions are mass selected by a timed ion selector, composed of a 
dual deflector gating system and then dissociated in a collision chamber floating at 18 Chapter I General Introduction  32 
kV. The product ions enter a second source where they are reaccelerated (toward 
ground) and refocused by pulsed extraction. The product ions thus have a relatively 
narrow energy spread (1 or 2 keV) relative to the precursor energy, and are therefore 
easily focused by the reflectron (Cotter et al., 2007). The 10 most intense precursor 
ions from each spot were selected for MS/MS. 
 
 
 
 
 
 
 
 
 
Figure  1.8  Principle  of  matrix-assisted  laser  desorption/ionization  mass 
spectrometry. The analyte mixed with a saturated matrix solution forms crystals. The 
irradiation  of  this  mixture  by  the  laser  induces  the  ionization  of  the  matrix, 
desorption,  transfer  of  protons  from  photo-excited  matrix  to  analyte  to  form  a 
protonated molecule (Marvin et al., 2003). 
 
1.9.4 Database search 
 
Database  searching  in  proteomics  represents  the  alignment  of  experimental  mass 
fingerprints (mass analysis of proteolytic digests) against theoretical digests of whole 
databases. There are two main steps involved in this. The first is to assign to each of 
thousands of spectra a single putative sequence and an associated score related to the 
accuracy of the assignment. The second step is that of assigning an interpretable 
measure of confidence to one or a group of those identifications (Fitzgibbon et al., 
2008). Mascot search engine was used to identify proteins in each spot. After the 
peptide mass fingerprint was recorded by a mass spectrometer (MALDI or ESI/MS), 
Mascot  matches  the  fingerprints  to  a  list  of  given  masses  held  in  the  NCBInr Chapter I General Introduction  33 
database.  
 
These techniques have been developed in this thesis, as will be described, for use in 
biomaterials  research  and  in  the  following  chapters,  the  influence  on  proteins  of 
mesenchymal stem cells cultured on topographical surface features will be analysed 
using a proteomic approach. Histology techniques and scanning electron microscopy 
were also used to determine the effects of surface topography upon cell morphology. 
This  work  aimed  to  improve  the  knowledge  of  biomaterials  related  to  tissue 
engineering. Chapter I General Introduction  34 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.9 Differential In Gel Electrophoresis. The diagram presents the complete 
steps of using DIGE technique to analyse protein expressions in cells cultured on two 
different  conditions,  biomaterials  compared  to  control.  Adapted  from 
(http://www.medicalproteomics.com/images/DIGE.jpg) 
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Chapter II Protocol optimizations and the application of micro-grooved 
topography 
 
2.1 General Introduction 
 
2.1.1 Part I. Introduction to the optimisation of DIGE for osteoprogenitor cells 
 
The aim of this chapter is finding the optimal conditions for protein extraction and 
DIGE then to use those conditions to analyse the differential protein expression in 
cell  culture  on  a  micro-grooved  model  topography  versus  a  flat  surface.  The 
following diagram (figure 2.1) presents the workflow of this protocol development 
chapter.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.1 Work plan. The diagram presents working plan and the purpose of this 
chapter. On the left, the initial optimisation (part I) was performed from cells cultured 
in a standard tissue culture flask before moving onto (on the right) cells cultured on 
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The chapter starts by firstly developing the DIGE protocol for osteoprogenitor cells 
cultured  in  tissue  culture  flasks.  Then,  secondly,  photolithographically  fabricated 
grooves were used to optimise protocols for topographical matrices. 
 
There are three main steps to DIGE to optimise as will be discussed in the materials 
and methods: 
 
2.1.1.1 Protein extraction. Protein extraction using lysis buffer is one of the critical 
steps,  since  it  involves  sample  solubilisation,  denaturation  and  reduction  to 
completely break up the interactions between the proteins prior to the first dimension 
‘isoelectric focusing (IEF)’. The lysis buffer in this study was composed of 7M Urea, 
2M Thiourea, 4% CHAPS and 30 mM Tris-base pH 8.0. 
 
(1) Urea has the ability of denaturing and disrupting monofunctional hydrogen bonds 
in aqueous solution. Secondly, it forms a complex with nonpolar amino acid residues 
in aqueous solutions. Urea also denatures proteins by weakening the forces between 
nonpolar amino acid residues (Gordon and Warren, 1968). 
 
(2)  Thiourea  improves  solubilization  of  membrane  proteins.  Thiourea  was 
recommended for use with IPGs, which are prone to adsorptive losses of hydrophobic 
and isoelectrically neutral proteins. Typically, thiourea is added at concentrations of 2 
M in conjunction with 5–7 M urea. The high concentration of urea is essential for 
solvating  thiourea,  which  is  poorly  water-soluble.  However,  the  use  of  thiourea 
should not exceed 2 M concentrations because this chaotrope inhibits binding of SDS 
in the equilibration step between the first and second dimension, thus leading to poor 
transfer of proteins into the 2D gel (Galvani et al., 2001). 
 
(3)  3-((3-Cholamidopropyl)dimethylammonio)-1-propanesulfonate  (CHAPS).  The 
zwitterionic detergent CHAPS offers greater solubilizing characteristics and has no net 
charge.  Thus  it  is  ideal,  when  used  in  conjunction  with  urea,  for  solubilizing Chapter II Protocoll Optimisation   37 
membranes,  gaining  increased  resolution  and  achieving  decreased  protein  streaking 
(Perdew et al., 1983). 
 
2.1.1.2  Two-dimensional  gel  electrophoresis.  Basic  knowledge  of  2D  gel 
electrophoresis is described in chapter 1 section 1.9.1.2. A slight modification used in 
this study is the active sample loading, termed in-gel rehydration loading under low 
voltage. This technique is distinguished from the previous one (termed passive) as a 
small voltage (typically 50 V) is applied during IPG strip rehydration. It is considered 
that  this  procedure  would  further  facilitate  gel  entry  of  high  molecular  weight 
proteins. 
 
2.1.1.3 Protein labelling. Basic knowledge of protein labelling is described in 
chapter 1 section 1.9.1.1. 
 
2.1.2 Part II. Introduction to the apllication of DIGE for topographical matrices 
 
In part II, osteoprogenitor cells were cultured on micrometric grooves. These micro-
grooves were used to influence progenitor cell differentiation. Additionally, a fluid-
flow  bioreactor  was  used  to  improve  the  medium  supply  according  to  tissue 
engineering  principles  –  i.e.  the  production  of  bone  in  vitro.  The  micro-grooved 
topography  was  chosen  as  it  is  well  characterised  biologically  (Walboomers  and 
Jansen, 2001).  
 
The aim of tissue engineering is to form complex tissues in vitro using bioactive 
materials  to  guide  cell  growth.  Ideally  the  cell  choice  should  be  multipotent  and 
available from an autologous source and the scaffold materials should be bioactive 
and biodegradable. Here, human bone marrow osteoprogenitor cells have been used 
which have been isolated from trabecular bone marrow and contain a mixture of cells 
from primitive mesenchymal stem cells to mature osteoblasts with precursor cells in 
between different stages of commitment (Triffitt et al., 1998, Oreffo et al., 2005). 
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cells/osteoblasts under appropriate conditions using selected hormones/growth factors 
(Rickard  et  al.,  1994,  Pei  et  al.,  2003,  Bellows  et  al.,  2006),  vitamins/chemical 
reagents  (Inui  et  al.,  1997,  D'Ippolito  et  al.,  2002)  and/or  defined  surface 
topographical guidance (Dalby et al., 2006b, Dalby et al., 2006a, Dalby et al., 2007d, 
Dalby et al., 2008a). As mentioned in chapter 1, the rationale behind using this cell 
type rather than a homogeneous, e.g. Stro-1 selected, MSC population was that for 
practical tissue engineering the yield of progenitors is far higher than that of stem 
cells  and  thus  the  time-in-lab  could  be  significantly  reduced  for  tissue  engineerd 
products. 
 
As a bioactive cue, grooves have been used here as they have previously been shown 
to alter osteoprogenitor differentiation and allow the formation of bone nodules in 
vitro without media supplements (Dalby et al., 2007d, Dalby et al., 2006b, Hamilton 
and Brunette, 2007). The grooves were embossed into the biodegradable polymer 
polycaprolactone (PCL, an FDA approved biomaterial with good biocompatibility 
and excellent micro and nano replication characteristics) (Mas Estelles et al., 2008, 
Gadegaard, 2006). In order to facilitate improved cell growth to obtain higher protein 
yields, a flow system bioreactor was used to perfuse basal media (Abousleiman and 
Sikavitsas, 2006). It is important to use basal media so that we can access directly the 
bone  inducing  potential  of  the  material  rather  than  using  stimulants  such  as 
dexamethasone or ascorbate. 
 
2.1.3 Part III The reference gel and protein identification by mass spectrometry  
 
Reference  gels  are  used  to  facilitate  mass  spectroscopy  and  protein  identification 
because the analytical DIGE gels are loaded with too small volumes of protein for 
successful identification. Dedicated software is used in reference gel analysis to allow 
the generation of a pick-list of spots to be digested for mass spectroscopy. These 
spots  are  excised  and  trypsinised.  Trypsin  cleaves  on  specific  site  of  peptide  (C-
terminal to arginine and lysine) (Olsen et al., 2004) and this allows the generation of 
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2.2 Materials and methods 
 
2.2.1 Part I: Optimisation of DIGE for osteoprogenitor cells. 
 
2.2.1.1 Cell Culture, Protein Extraction and Protein Precipitation (from flask) 
 
Human bone marrow osteoprogenitors were obtained from hematologically normal 
patients undergoing routine surgery. Only tissue that would have been discarded was 
used with the approval of the Southampton & South West Hants Local  Research 
Ethics  Committee.  Primary  cultures  of  bone  marrow  cells  were  established  as 
previously described (Oreffo et al., 1999a). 
 
Osteoprogenitor cells (passage 2) were grown in 75 cm
2 tissue culture flasks until 80-
90% confluent. Cells  sheets were rinsed with  HEPES saline before trypsinization 
from the flask by adding 5 ml of trypsin solution (700 µl in 20 ml versine) and 
incubating at 37 
0C for 5 minutes. Cell suspensions were collected by centrifugation 
at 1,400 rpm for 5 minutes. The resulting cell pellet was washed by 5 ml of HEPES 
saline before centrifugation. Cells were re-suspended in 1 ml of DIGE lysis buffer 
(7M Urea, 2M Thiourea, 4% CHAPS and 30 mM Tris-base pH 8.0) with 1X final 
concentration of protease inhibitor cocktail (Sigma-Aldrich). The cell suspension was 
left at room temperature for 1 hour with vigorous mixing every 20 minutes. The 
suspension was then centrifuged at 2,100 rpm for 10 minutes to remove insoluble 
material.  Proteins  were  then  precipitated  from  the  supernatant  by  addition  of  4 
volumes of 100% cold acetone (-20 
0C). After centrifugation, the protein pellets were 
washed in 80% acetone and re-suspended in DIGE lysis buffer. 
 
2.2.1.2 Protein quantification 
 
The Bradford protein assay (Bio-Rad) was used to determine the amount of protein 
extracted from each material. Briefly, varying concentrations of BSA (50, 25, 12.5, Chapter II Protocoll Optimisation   40 
6.25 and 3.125 µg/ml) were prepared and used as a standard curve. 10 µl of each 
standard and sample was mixed with 200 µl of protein assay reagent. The reaction 
was left to progress at room temperature for 5 minutes. Absorbance was measured 
using a microplate reader, TECAN (GENios), at 595 nm. Protein concentration of the 
extract was determined from the standard curve. 
 
2.2.1.3 2D Gel Electrophoresis 
 
First dimension isoelectric focusing (IEF) was performed on IPG strips (24 cm; linear 
gradient  pH  3–10)  using  an  Ettan  IPGphor  system  (GE-Healthcare).  IEF  was 
performed using the following voltage programme: 30 V constant for 12 h, 300 V 
constant for 1 h, linear up to 600 V over 1 h, linear up to 1,000 V over 1 h, linear up 
to 8,000 V over 3 h, then 8,000 V constant for 8.30 h. The current was limited to 50 
µA per strip and the temperature maintained at 20 
0C. After focusing, strips were 
equilibrated for 15 min in 5 ml of reducing solution (6 M urea, 100 mM Tris-HCl pH 
8, 30% v/v glycerol, 2% w/v SDS, 5 mg/mL DTT). For the second dimension SDS-
PAGE,  IPG  strips  were  placed  on  the  top  of  12%  acrylamide  gels  cast  in  low 
fluorescence glass plates and then sealed by 0.5% (w/v) agarose overlay solution. 
Gels were run at constant power 50 W/gel until the bromophenol blue tracking front 
had reached the base of the gel. The gel was stained with colloidal coomassie blue-R 
and rinsed with tap water. 
 
2.2.1.4 DIGE 
 
Optimization:  Labelling  optimisation  was  performed  according  to  the  protocol 
provided  in  CyDye  DIGE  Fluor  labelling  kit  for  scarce  samples  (Amersham 
Biosciences). The total amount of protein loaded into the gel was fixed at 5 µg due to 
cell  growth  limitations.  The  appropriate  amount  of  Tris(2-carboxyethyl)phosphine 
hydrochloride  (TCEP)  and  CyDye  DIGE  fluor  were  varied  as  suggested  in  the 
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2.1.  Thus,  5  µg  of  the  extracted  protein  (from  2.2.1)  were  added  into  4  sterile 
microcentrifuge tubes. Proteins in tubes A1&A2 were reduced with 1 µl of 2 mM 
TCEP and tubes B1&B2 were reduced with 2 µl TCEP. The reactions were incubated 
at 37
0C in the dark for 1 hour. Protein in tubes A1&A2 were labelled with 2 µl of 
Cy3 and Cy5 while tubes  B1&B2 were labelled with 4 µl of Cy3 and Cy5. The 
reactions were set in the dark at 37 
0C for 30 minutes. Equal volumes of 2X sample 
buffer (7M Urea, 2M Thiourea, 4% w/v CHAPS, 2% w/v Pharmalyte
TM broad range 
pH 4-7 and 2% w/v DTT) were added to stop the reactions. Proteins labelled with 
Cy3 and Cy5 in tube A1&A2 were mixed together as same as tube B1&B2. 2D Gel 
electrophoresis was performed using the same condition 2.2.3. except the pH 4-7 IPG 
strips were used instead of pH 3-10 strips. Fluorescence images of the gels were 
obtained by scanning on a Typhoon 9400 scanner (GE Healthcare). Cy3 and Cy5 
images were scanned at 532 nm/580 nm and 633 nm/670 nm excitation/emission 
wavelengths respectively at a 100 µm resolution. Image analysis was performed using 
DeCyder
TM 6.1 software (GE Healthcare). 
 
Table 2.1 Two conditions were determined in the optimisation of DIGE protocol. 
 
 
Conditions 
 
Protein extract 
(µg) 
 
2 mM 
TCEP (µl) 
 
2 mM Cy3 
(µl) 
 
2 mM Cy5 
(µl) 
 
A 
 
A1 
A2 
 
5 
5 
 
1 
1 
 
2 
- 
 
- 
2 
 
B 
 
B1 
B2 
 
5 
5 
 
2 
2 
 
4 
- 
 
- 
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2.2.2 Part II: Application of DIGE for topographical matrices. 
 
2.2.2.1 Photolithographical Material Fabrication 
 
Quartz slides were cleaned in 7 parts sulphuric acid and 1 part hydrogen peroxide for 
5 mins. The slides were then spincoated with AZ primer at 4,000 rpm for 30 secs. 
Shipley S1818 photoresist was next added, and the slides were spun for a further 30 
secs. After spinning, the slides were soft baked at 90
oC for 30 mins. The samples 
were then exposed to UV light through a chrome mask (Hoya) with a 12.5µm wide 
line pattern. The exposed resist was developed using 1:1 (v/v) Shipley AZ developer: 
water.  The  slides  were  next  etched  to  produce  2  µm  deep  grooves  in  a  Plasma 
Technology RIE80 unit (Tri-chloromethane environment, pressure of 15 mTorr (1 
Torr = 133.322 Pa), R.F. power of 100W, giving an etch rate of 25 nm/min). The 
mastering  resist  was  then  removed  and  the  whole  slide  was  etched  for  a  further 
minute to produce a uniform chemistry (by Mary Robertson).  
 
For embossing, a polycaprolactone (PCL; Sigma-aldrich) sheet was cut into 2 cm
2 
squares  before  being  cleaned  with  75%  ethanol  then  deionized  water  and  finally 
blown dry with cool air. The PCL substrates were heated until they started to melt. 
Either  the  grooved  or  flat  slides  were  embossed  onto  the  PCL  substrates.  PCL 
substrates were cooled down and the glass slides were removed. Flat controls and test 
grooves were checked by atomic force microscopy (Nanoscope IIIA, please note that 
controls had a mean Ra of 28.406 nm). 
 
2.2.2.2 Cell Culture 
 
Osteoprogenitor  cells  (the  same  batch  as  used  in  the  experiment  in  Part  I)  were 
cultured in 75 cm
2 tissue culture flasks at passage 2 as previously described in 2.2.1. 
Passage 2 was used to allow for expansion of the cells to experimental numbers, but 
to ensure progenitor status. Confluent cell sheets were trypsinized and 1x10
5 cells 
were seeded onto grooved and control flat PCL sheets. The experiment was separated Chapter II Protocoll Optimisation   43 
into two groups. The first group was maintained in a static culture for 4 weeks, the 
second group was maintained in static culture for 1 week prior to culture in the flow 
bioreactor system (Minucell, Germany) for 3 weeks. Media was changed twice per 
week for static culture conditions and continually in the bioreactor. 
The bioreactor consisted of a media reservoir connected to three ‘tissue container’ 
cassettes with continuous media flow controlled by a peristaltic pump. Basal media 
was supplied to osteoprogenitor cells at a flow-rate of 0.5 ml/min. 500 ml of basal 
medium was reused for one week (figure 2.2). 
 
 
 
 
 
 
 
 
Figure 2.2 The bioreactor. The flow system bioreactor used in this study contained 
medium reservoirs (one fresh media, one used media) at both ends of the system, 
three cassettes of tissue containers and a peristaltic pump which generated 0.5 ml/min 
medium flow-rate. 
 
2.2.2.3 Histology 
 
Cell morphology was monitored at two time points (5 days and 4 weeks). PCL sheets 
with  cultured  cells  were  fixed  in  4%  formaldehyde  in  PBS  for  5  minutes.  Cell 
staining was performed using 5% Coomassie blue in 40% methanol and 10% acetic 
acid for 5 minutes. The stained materials were washed twice in tap water. Samples 
were  viewed  by  bright-field  microscopy.  Pictures  were  taken  by  greyscale  digital 
camera (Scion Corporation Model CFW-1310M). 
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2.2.2.4 Alizarin staining 
 
2% Alizarin red stain (pH 4) was prepared by mixing 2 g of Alizarin red S with 100 
ml of water and diluted ammonium hydroxide was added to adjust the pH. After 4 
weeks of culture, the osteoprogenitors were fixed in 4% formaldehyde for 15 min at 
37
°C. Then they were stained with 2% alizarin red for 5 min before washing with tap 
water. Samples were viewed by bright-field optical microscopy. Pictures were taken 
by greyscale digital camera (Scion Corporation Model CFW-1310M). 
 
2.2.2.5  Protein  extraction  and  protein  precipitation  from  cells  cultured  on 
microtopography 
 
After 4 weeks culture, cell sheets were trypsinized from the PCL substrate and the 
cell suspension was collected by centrifugation at 1,400 rpm for 5 minutes. The cell 
pellet was re-suspended in 1 ml of DIGE lysis buffer (7M Urea, 2M Thiourea, 4% 
CHAPS  and  30  mM  Tris-base  pH  8.0)  with  1X  final  concentration  of  protease 
inhibitor cocktail (Sigma-Aldrich). The cell suspension was left at room temperature 
for  1  hour  with  vigorous  mixing  every  20  minutes.  The  suspension  was  then 
centrifuged at 2,100 rpm for 10 minutes to remove insoluble material. Proteins were 
then precipitated from the supernatant by addition of 4 volumes of 100% cold acetone 
(-20 
0C). After centrifugation, the protein pellets were washed in 80% acetone and re-
suspended in DIGE lysis buffer. 
 
2.2.2.6  The  Saturation  labelling  of  protein  extract  from  cells  cultured  on 
microtopography 
 
Protein labelling was performed following the optimal protocol from 2.2.1.4. Briefly, 
5 µg of the extracted proteins were added into sterile microfuge tubes. Protein in each 
tube was reduced with 1 µl of 2 mM TCEP. The reactions were incubated at 37
0C in 
the dark for 1 hour. Protein in each tube was labelled with the required volumes of Chapter II Protocoll Optimisation   45 
Cy3 and Cy5 in the dark for 30 minutes. Equal volumes of 2X sample buffer (7M 
Urea, 2M Thiourea, 4% w/v CHAPS, 2% w/v Pharmalyte
TM, broad range pH 4-7 and 
2% w/v DTT) were added to stop the reactions. Proteins labelled with Cy3 and Cy5 
were mixed together. 2D-Gel electrophoresis was performed. Fluorescence images of 
the gels were obtained by scanning on a Typhoon 9400 scanner (GE Healthcare). Cy3 
and  Cy5  images  were  scanned  at  532  nm/580  nm  and  633  nm/670  nm 
excitation/emission wavelengths respectively at a 100 µm resolution. Image analysis 
and  statistical  quantification  of  relative  protein  expression  was  performed  using 
DeCyder
TM  6.1  software  (GE  Healthcare).  Spots  that  showed  changes  in  protein 
expression  were  matched  with  preparative  gel  then  protein  identification  was 
performed. The details of preparative gel and protein identification were presented 
separately in part III. 
 
2.2.3 Part III The reference gel and protein identification by mass spectrometry 
 
2.2.3.1 Preparative 2D gel (reference gel): Protein extraction was performed using 
the  same  method  as  described  in  2.2.1.  175  µg  of  protein  extracted  from 
osteoprogenitor cells was reduced by 3.5 µl of 20 mM TCEP and then labelled with 
30  µl  of  Cy3  DIGE  flour.  After  2D  Gel  Electrophoresis  was  performed  and 
fluorescence  images  of  the  gels  were  obtained  by  scanning  on  a  Typhoon  9400 
scanner  (GE  Healthcare).  Cy3  images  were  scanned  at  532  nm/580  nm 
excitation/emission wavelengths respectively at a 100 µm resolution. Image analysis 
was performed using DeCyder
TM 6.1 software (GE Healthcare), the preparative gel 
image was matched with analytical DIGE gel images and the spots of interest were 
selected for mass spectrometric analysis.  
 
A pick list was generated, containing gel co-ordinates that were used to direct spot 
cutting.  Gel  spots  were  excised  using  an  Ettan  Spot  Handling  Workstation 
(Amersham Biosciences, UK) and each gel piece was placed in a separate well of a 
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bicarbonate, 50% v/v methanol and then twice in 100 µl 75% v/v acetonitrile, before 
drying. Gel pieces were rehydrated with trypsin solution (20 µg trypsin/ml 20 mM 
ammonium bicarbonate), and incubated for 4 hours at 37
oC. Peptides were extracted 
from the gel pieces by washing twice in 100 µl of 50% v/v acetonitrile / 0.1% v/v 
trifluoroacetic acid, before being transferred in solution to a fresh 96-well plate and 
dried before mass spectrometric analysis.  
 
2.2.3.2 Mass spectrometry and Data Analysis 
 
(1) MALDI-TOF-TOF. Trypsinised peptide solutions were mixed at a 1:1 ratio with 
saturated α-cyano-4-hydroxycinnamic acid (CHCA) matrix in 0.3% TFA and spotted 
on stainless steel MALDI sample plates (Applied Biosystems, Framingham, MA). 
Peptide  mixtures  were  then  analyzed  using  MALDI/TOF/TOF  (4700  Proteomics 
Analyzer,  Applied  Biosystems,  Framingham,  MA).  MALDI-TOF  spectra  were 
collected  from  m/z  800  –  4,000  and  up  to  10  peaks  were  selected  for  MS/MS 
analysis.  Protein  identification  was  performed  using  Global  Proteome  Server 
Explorer  software  (Applied  Biosystems,  Framingham,  MA)  utilizing  the  NCBI 
Reference Sequence human protein database. The identification was assigned to a 
protein  spot  feature  if  the  protein  score  was  calculated  to  be  greater  than  50, 
correlating  to  a  confidence  interval  of  95%.  Protein  identifications  were  assigned 
using  the  Mascot  search  engine,  which  gives  each  protein  a  probability  based 
MOWSE score. In all cases variable methionine oxidation was used for searches. 
Only  proteins  identified  with  a  significant  score  (p  =  <0.05)  were  included, 
corresponding to a MOWSE score greater than 66. 
 
(2)  ESI-Q-TOF:  All  peptide  samples  were  separated  on  an LC  system  (Famos  / 
Switchos / Ultimate, LC Packings) before being analysed by electrospray ionisation 
(ESI) mass spectrometry on a QSTAR® XL Hybrid LC/MS/MS System. Peptides 
were separated on a Pepmap C18 reversed phase column (LC Packings), using a 5 - Chapter II Protocoll Optimisation   47 
85% v/v acetonitrile gradient (in 0.5% v/v formic acid) run over 45 min. The flow 
rate was maintained at 0.2 µl / min. Mass spectrometry analysis was performed using 
a duty cycle, consisting of a 3 second survey MS scan, followed by four MS/MS 
analyses of the most abundant peptides (3 second per peak). Data generated from the 
Q-STAR® XL hybrid mass spectrometer was analysed using Applied Biosystems 
Analyst QS (v1.1) software and the automated Matrix Science Mascot Daemon server 
(v2.1.06).  Protein  identifications  were  assigned  using  the  Mascot  search  engine, 
which gives each protein a probability based MOWSE score. In all cases variable 
methionine  oxidation  was  used  for  searches.  Only  proteins  identified  with  a 
significant  score  (p  =  <0.05)  were  included,  corresponding  to  a  MOWSE  score 
greater than 44.  
 
2.3 Results 
 
2.3.1 Part I: Optimisation of DIGE for osteoprogenitor cells. 
 
2.3.1.1 Protein assay 
 
The standard curve showed that at protein concentration range 0-50 µg/ml the graph 
had a linearity of absorbance (figure 2.3). The absorbance of the protein extracts was 
determined and the standard curve was used to calculate the amount of protein in the 
extract. 500 µg of protein extract was needed for 2D gel electrophoresis. 
 
2.3.1.2 Protein extraction and protein separation by 2D gel electrophoresis 
 
500 µg of protein extract from the flask was separated using 2D gel electrophoresis. 
From figure 2.4 the total pH range of the IPG strip used was 3-10, however, high 
resolution protein separation could be observed only the inner part of the 2D gel 
image (marked with line AB). The gels showed a poor resolution at the margins. This 
result suggested that the pH range of IPG strip should be narrowed to pH 4-7.  Chapter II Protocoll Optimisation   48 
 
Figure  2.3  Standard  curve  of  protein  assay.  The  standard  curve  showed  the 
linearity in the range of concentration 0-50 µg/ml with R
2 value = 0.9852. Chapter II Protocoll Optimisation   49 
 
 
Figure 2.4 The 2D SDS-PAGE of protein extract from tissue culture flask. The 
protein extract was separated by standard protocol using IPG strip pH range 3-10. 
The  best  resolution  can  be  observed  only  for  the  inner  part  of  gel  (line  AB). 
Horizontal streaks were observed at both margins of gel. 
 
2.3.1.3 Optimisation of saturation labelling 
 
The  optimal  conditions  for  saturation  labelling  were  selected  from  the  2  trial 
conditions, A and B (as illustrated in table 2.1). Proteins labelled by both conditions 
were subjected to further 2D electrophoresis. The pH 4-7 IPG strips were used in this 
step to allow higher protein resolution to be achieved. The results shown in figure 2.5 
indicate that protein labelled by condition A had similar outcome to protein labelled 
by  condition  B;  both  conditions  provided  good  resolution  and  labelling.  Thus, 
condition A was chosen to use in this thesis as less reagent was required to produce a 
similar outcome. Chapter II Protocoll Optimisation   50 
 
 
Figure  2.5  Saturation  labelling  optimisation.  Image  results  of  condition  A 
compared against condition B on 2D SDS-PAGE with pH4-7 IPG strips. A&B are the 
fluorescent images of condition A and B respectively. A1&B1 are the images of 
proteins labelled by Cy3 whilst A2&B2 are the images of proteins labelled by Cy5 
using condition A and B respectively. Chapter II Protocoll Optimisation   51 
2.3.2 Part II: Application of DIGE for topographical matrices. 
 
2.3.2.1 Materials 
 
The fabricated PCL sheet was analysed by Atomic force microscopy. AFM images 
showed firstly that the control materials had a Ra value of 28.406 nm and also the 
successful embossing of the grooves at 2 µm deep and 12.5 µm pitch (figure 2.6). 
 
Figure 2.6 Atomic Force Microscopy. Ra values for the roughness of flat-PCL and 
AFM of grooved-PCL topography are shown: (A) in an area of 34.085 µm
2, the Ra 
value for flat-PCL is 28.406 nm; (B) the AFM of the grooved-PCL sheet showed that 
the grooved pattern was successfully embossed. 
 
2.3.2.2 Histology 
 
After 5 days, osteoprogenitor cells on the grooved material were observed to align 
along the grooves while osteoprogenitor cells on control substrates were observed to 
spread randomly on the flat surface (figure 2.7 A&B). After 4 weeks of static culture, 
confluent cell layers (80-90%) were observed on both control and test substrates. 
However, the patterns of osteoprogenitor cell growth were different with tissue layers 
forming in the direction of groove orientation as opposed to random growth observed 
on the flat controls (figure 2.7 C & D). As a consequence of the limited number of 
replicates  that  can  be  cultured  in  the  bioreactor  tissue  containers,  no  image  of Chapter II Protocoll Optimisation   52 
bioreactor grown cells are presented and rather protein extraction provides evidence 
of cell growth. 
 
Alizarin red staining of calcium was observed after 4 weeks culture on both grooved 
and control surfaces (figure 2.8 A&B). Whilst nascent nodules could be seen on both 
materials,  it  was  only  on  the  grooves  that  the osteoprogenitor  cells  were  seen  to 
produce dense mineral nodules.  
 
Figure 2.7 Osteoprogenitor cells (OPGs) cultured on PCL substrates in static 
culture. A. 5 days on flat surface, B. 5 days on grooved surface (inset is SEM image 
of the grooves), C. 4 weeks on flat surface, D. 4 weeks on grooved surface. Note that 
cells on the grooves at day 5 are elongated in the groove direction. Chapter II Protocoll Optimisation   53 
 
Figure 2.8 Alizarin red staining for calcium accumulation After 4 weeks culture 
in static culture, positive calcium staining (arrow) could be seen on both test (A) and 
control  materials  (B).  However,  only  on  the  grooves  were  mature,  very  dense, 
nodules noted (arrow heads). 
 
2.3.2.3 Cell culture in the flow condition 
 
When comparing flat and grooved materials under either static or flow, there was no 
difference between the treatment in terms of amount of protein extracted (indicating 
similar  cell  numbers  on  both  the  flat  and  grooved  materials).  However,  when 
considering static versus flow, enhanced tissue mass was observed using the flow 
system bioreactor as confirmed by the Bradford protein assay (approximately 4-fold 
increase, figure 2.9).  
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Figure 2.9 Quantification of protein extracts from static and fluid-flow culture. 
Graph showing the amounts of protein extracted from each material indicated that the 
flow system used in this study could generate more tissue mass than the conventional 
static  culture  could  (p<0.01).  Student’s  pair-t-test  indicated  that  there  was  no 
difference  between  the  amounts  of  protein  extracted  from  cells  cultured  on  the 
grooved and flat materials in the bioreactor (p  >0.05) but there was a difference 
between the amounts of protein extracted from cells cultured on the grooved and flat 
materials  in  static  culture  (p  <0.05).  Graph  shows  mean  ±  SD  for  3  replicates, 
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2.3.2.4 DIGE 
 
Optimized  DIGE  conditions  were  employed  in  the  evaluation  of  differences  in 
proteome  expression  between  the  micro-grooved  topography  and  the  flat  control. 
DIGE showed expression changes for a number of proteins when osteoprogenitor 
cells were grown on the grooved materials compared to control (Figure 2.10). The 
results of 3 replicates from the bioreactor and 2 replicates from static culture are 
summarised in Table 2.2. For ease, results are presented as significant electrophoretic 
areas as this is how the software compares the fluorescence of the control and test 
proteins in the gels. A balance of up- and down-regulations were seen. 
 
2.3.3 Part III The reference gel and protein identification by mass spectrometry. 
 
2.3.3.1 Reference gel and protein identification 
 
From figure 2.10, areas that showed degrees of difference in protein expression (≥2-
fold) were highlighted by Differential In-gel Analysis (DIA) (Decyder
TM) and xml 
files  were  generated  automatically.  The  xml  images  were  opened  in  Biological 
Variation Analysis (BVA) software, which enables matching between analytical gels 
and reference gels (figure 2.11 A&B). After gel matching was performed, a picklist 
was  generated  from  the  reference  gel  and  protein  identification  was  performed. 
Names  of  the  identified  proteins  were  annotated  to  the  corresponding  spots  on 
reference gel using the BVA module and those annotated protein names were also 
appeared on the matched spots on the analytical gels (figure 2.11 C&D). 
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Figure  2.10  Typical  DIGE  images.  DIGE  images  were  analyzed  by  DeCyder
TM 
Image Analysis Software for (A) the control proteins (Cy3) and (B) the proteins for 
cells cultured on topography (Cy5) from flow condition. Peak volumes of each spot 
were compared against each other as demonstrated by the inserts. 2.0-fold difference 
in  peak  volume  was  used  as  a  cut-off  to  determine  the  difference  of  protein 
expression  between  test  and  control.  In  all  DIGE  gels  there  were  areas  showing 
results  of  up  and  down-regulation.  The  electrophoretic  regions  of  interest,  as 
considered  in  the  results  section,  are  labelled  numerically.  Note  that  the  control 
protein  (C)  and  the  proteins  for  cells  cultured  on  topography  (D)  from  the  static 
condition showed the same result as cells cultured in the flow condition except that 
no osteonectin expression was observed in static culture (red arrow). 
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Figure 2.11 BVA images and gel matching. BVA image of reference gel (A) was 
matched with BVA image of analytical gel (B). After protein identification, protein 
names were annotated to the corresponding spot on reference gel (C) and protein 
names also appeared on coordinating spots on analytical gel (D). 
 
2.3.3.2 This allowed the identification of modulated proteins thus: 
 
Electrophoretic  area  1  and  2:  Up-regulation  of  beta-galactoside-binding  lectin 
precusor (galectin precusor) and galectin-1 were found. These results may indicate 
increased osteospecific differentiation on the grooves as galectin-1 is associated with 
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differentiation by binding to nuclear matrix of the differentiated osteoblast (Choi et 
al.,  1998).  The  other  isoform  of  galectin  is  also  presented  during  osteoblast 
differentiation as expression of galectin-3 in skeletal tissue is controlled by Runx2 
during the matrix maturation stage of osteoblastic development (Stock et al., 2003).  
 
Electrophoretic area 3: Tumor protein D52-like, intracellular chloride channel (p64) 
and Ran-binding protein1 (RanBP1) were shown to be up-regulated. Tumor protein 
D52-like plays a physiological role in vesicle trafficking and exocytotic secretion 
(Boutros  et  al.,  2004).  It  is  known  that  cells  can  respond  to  their  topographic 
environment through increased endocytotic activity and vesicle formation (Dalby et 
al., 2004). Chloride ion channels (CLIC) are typically involved in several crucial 
cellular processes including apoptosis and cell cycle regulation, membrane potential, 
signal transduction, and acidification of organelles. Recently, it was found out that 
membrane  CLICs  are  regulated  by  actin  to  modify  solute  transport  at  key  stages 
during cellular events such as apoptosis, cell and organelle division and fusion, cell-
volume regulation, and cell movement (Singh et al., 2007). 
 
Also  found  was  Ran-binding  protein1  (RanBP1)  co-expression  in  this  area.  Ran 
binding protein 1 (RanBP1) is a binding partner of the Ras-related nuclear protein. It 
has an important role in controlling nucleocytoplasmic transport (Nishimoto, 1999).  
 
Electrophoretic  area  4:  The  ubiquitin-like  family  (SUMO/SMT3)  precursor  was 
found  up-regulated.  SUMOylation  infers  proteins  stability,  nuclear-cytosolic 
transport or transcriptional regulation (Verger et al., 2003, Bae et al., 2004, Ghioni et 
al., 2005, Chen et al., 2006). 
Notably, most of the up-regulated proteins in area 3 and area 4 are related to nuclear-
cytosolic  trafficking.  It  is  considered  that  the  transport  machinery  itself  may  be 
regulated in ways that contribute to cell differentiation and development (Dernburg 
and Misteli, 2007). 
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Electrophoretic area 5: Actin isoforms were found up-regulated. The aggregation of 
actin along grooves is a primary driving event in determining the orientation of cells 
on microgrooved substrata (Wojciak-Stothard et al., 1995). Focal adhesions and actin 
microfilament bundles are found
 to align along micrometer-sized grooves and ridges, 
however, cells and cytoskeletal elements did not display any preferred orientations on 
flat substrates (Britland et al., 1996, den Braber et al., 1998, Matsuzaka et al., 2000, 
Loesberg et al., 2006). The generation
 of tension by actin stress fibers is necessary for
 
the formation of focal adhesions (Chrzanowska-Wodnicka and Burridge, 1996) and 
signal transduction (Pavalko et al., 1998). 
 
Electrophoretic area 6: Ribonuclease/angiogenin inhibitor 1 (RNH1) was seen to be 
down-regulated.  RNase  activity  is  inhibited  by  formation  of  a  complex  with  an 
inhibitor (such as RNH1). In vivo more than 95% of ribonuclease is complexed with 
an  inhibitor  and  the  inhibitor/RNase  ratio  is  elevated  in  proliferating  tissues 
(Schneider  et  al.,  1988).  Thus,  it  may  be  that  this  result  indicates  the  lower 
proliferative  activity  of  the  cells  on  the  grooves  (compared  to  control)  as  a 
consequence of differentiation to matrix secreting cells. 
 
Electrophoretic area 7: SPARC/osteonectin was seen to be down-regulated. It is a 
matricellular  protein  expressed  by  osteoblasts  (Yan  and  Sage,  1999,  Alford  and 
Hankenson,  2006).  SPARC  binds  to  type  I  collagen  to  form  a  nucleator  of 
hydroxyapatite (Termine et al., 1981a, Termine et al., 1981b). It is likely that as 
osteonectin levels are known to drop intracellularly after 21 days of culture in highly 
differentiating osteoblasts (switch from matrix production to mineralization) (Stein 
and Lian, 1993) and that this study only looked at intracellular proteins, it is to be 
expected more mature osteoblasts would express less of this protein by this late time 
point.  
 
Electrophretic  area  8:  Zyxin  is  one  of  LIM  domain  proteins  at  focal  adhesion 
plaques (Wang and Gilmore, 2003). Zyxin is a phosphoprotein localized at sites of 
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Zyxin and its partners have been implicated in the spatial control of actin filament 
assembly as well as in pathways important for cell differentiation (Beckerle, 1997). 
This  group  of  proteins  also  shuttle  through  the  nucleus  and  may  regulate  gene 
transcription by interaction with transcription factors (Wang and Gilmore, 2003). 
 
Electrophoretic area 9: Heat shock protein 27 (Hsp27) controls the balance between 
differentiation  and  apoptosis  (Arrigo,  2000)  and  was  down-regulated  by  the 
topography. Hsp27 has been found to be up-regulated during bone cell development 
previously. However, the previous study was carried out at 7, 11, 14 and 18 days. The 
highest Hsp27 mRNA level was shown on day 14 but decreased on day 18 (Shakoori 
et  al.,  1992).  In  this  study,  the  proteomic  analysis  was  performed  after  4  weeks 
culture,  the  expression  of  Hsp27  is  again  stage-specific  (Shakoori  et  al.,  1992, 
Leonardi et al., 2004). Hsp27 is also known to modulate cell functions via interaction 
with the actin cytoskeleton. Hsp27 overexpression increased FAK phosphorylation 
and  focal  adhesion  formation,  depending  on  integrin-mediated  actin  cytoskeleton 
polymerization (Lee et al., 2008). 
 
Electrophoretic  area  10:  Thioredoxin  (TRX)  was  down-regulated  compared  to 
control. It plays important roles in cell growth, cell cycle, gene expression, apoptosis 
and maintenance of the redox balance. As well as Hsp27, thioredoxin was found up-
regulated in differentiating cells in a previous study at earlier time points (Schutze et 
al., 1998) but down-regulated in this study (4-week culture). However, decrease in 
expression of thioredoxin in this study might be the consequence of the decrease in 
expression of Hsp27 as Hsp27 also plays a role in maintaining intracellular levels of 
reduced glutathione (Preville et al., 1999). There is an overlap in the nature of the 
GSH–glutaredoxin and thioredoxin systems because thioredoxins function together 
with Glutathione reductase (Glr1) to maintain the high intracellular GSH:GSSG ratio 
(Trotter and Grant, 2003). 
 
Electrophoretic area 11: Golgi reassembly stacking protein 2 (GRASP55) plays a 
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(MEK/ERK)-regulated  role
  in  Golgi  ribbon  formation  and  cell  cycle  progression 
(Feinstein and Linstedt, 2008). Down-regulation of golgi reassembly stacking protein 
2 (GRASP55) might indicate the decreasing of proliferative activity. 
 
Protein  expression  profiles  of  osteoprogenitor  cells  cultured  in  static  and  flow 
systems  were  compared  to  each  other.  The  protein  expression  profiles  of  both 
systems were similar. This indicated that fluid flow did not affect protein expression 
of cells culture on the micro-grooved surface. Furthermore, when considering the fold 
regulation of each protein, no significant change was noted. 
 
Table 2.2 Protein expression profiles. Names and mean fold values for proteins 
modulated  by  the  microgrooved  topography.  Changes  of  greater  than  2.0-fold 
up/down changes in regulation in all 3 gels were considered significant for this study. 
 
 
Electropho
retic area 
 
Name 
Expression 
resulting from 
bioreactor 
culture 
 
Expression 
resulting from 
static culture 
 
 
1 
 
Beta-galactoside-binding lectin 
precusor and Galectin1 
 
 
+3.41±0.53 
 
+2.46±1.05 
 
2 
 
 
Beta-galactoside-binding lectin 
precusor and Galectin1 
 
 
+3.67±0.86 
 
+3.26±0.61 
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Table 2.2 Protein expression profiles (continue). Names and mean fold values for 
proteins modulated by the microgrooved topography. Changes of greater than 2.0-
fold up/down changes in regulation in all 3 gels were considered significant for this 
study. 
 
 
Electropho
retic area 
 
Name 
Expression 
resulting from 
bioreactor 
culture 
 
Expression 
resulting from 
static culture 
 
 
3 
 
1. Tumor protein D52-like 2 
2. Similar to chloride 
intracellular channel 1 (p64 
CLCP) 
3. Similar to Ran-specific 
GTPase-activating protein 
(Ran-binding protein1) 
(RanBP1) 
 
+2.75±0.24 
 
+2.86±0.74 
 
4  SMT3A protein 
Small ubiquitin-related 
modifier 3 precursor 
 
+4.56±1.84 
 
+2.73±0.29 
 
5 
 
Actin isoforms 
 
 
+3.23±1.25 
 
+2.58±0.50 
 
6 
 
 
Ribonuclease/angiogenin 
inhibitor 1 
 
-3.15±0.63 
 
-2.35±0.78 
 
7 
 
ECM Protein (Sparc 
molecule/osteonectin) 
 
-2.97±0.4 
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Table 2.2 Protein expression profiles (continue). Names and mean fold values for 
proteins modulated by the microgrooved topography. Changes of greater than 2.0-
fold up/down changes in regulation in all 3 gels were considered significant for this 
study. 
 
 
Electropho
retic area 
 
Name 
Expression 
resulting from 
bioreactor 
culture 
 
Expression 
resulting from 
static culture 
 
 
8 
 
Zyxin 
 
-3.85±0.57 
 
-2.26±0.50 
 
9 
 
Heat shock protein 27 (Hsp27) 
 
-2.74±0.40 
 
-2.21±0.54 
 
10 
 
Thioredoxin (TRX) 
 
 
-2.24±0.37 
 
-1.72±0.36 
 
11 
 
GRASP55 
 
-3.24±0.96 
 
-3.13±0.1 
 
2.4 Discussion 
 
The application of comparative proteomics to biomaterials embossed with surface 
topography  for  bone  tissue  engineering  was  performed  for  the  first  time  in  this 
chapter. The small size of the fabricated surfaces due to the limitations of fabrication 
meant  that  small  sample  techniques  had  to  be  employed.  Furthermore,  for  bone 
related  biomaterials,  a  highly  sensitive  technique  is  required  because  as  cells 
differentiate into bone-forming cells in vitro they tend to form discrete nodules rather 
than  confluent  sheets  and  thus  low  protein  yields  are  expected.  In  fact,  for  most 
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proteomics, sensitivity is a key issue due to the sample areas normally provided is 
typically 1 -2 cm
2. 
 
The optimised protocol was developed from protein extraction, protein quantifying, 
protein separating and protein labelling using cells cultured in tissue culture flasks. In 
the next step, cells were cultured on fabricated biomaterials in both static culture and 
in  flow  conditions  and  the  trial  methodology  was  employed  with  success.  This 
indicated  that  comparative  proteomics  can  apply  to  tissue  engineering  and 
biomaterials research. 
 
Cell  morphology  is  influenced  by  surface  topography;  a  phenomenon  known  as 
contact guidance. In this study, cells stretched along the grooved surfaces but were 
observed to spread randomly on the flat surface. Four weeks after cell seeding, it was 
shown  that  cells,  particularly  on  the  grooved  surfaces,  formed  areas  of  dense 
aggregation  surrounded  by  more  cell  sparse  areas  reminiscent  of  nascent  nodule 
formation (figure 2.7 & 2.8), characteristic of bone formation (Woll et al., 2006). 
Furthermore, dense nodules were only produced by cells cultured on the grooves. 
These observations tie in with previous histological observations (immunolocalisation 
of osteocalcin and osteopontin) in human osteoprogenitor cells cultured on grooves 
(Dalby et al., 2006b).  
 
Changes in cell morphology, such as contact guidance, typically imply changes in the 
organisation  of  the  cytoskeletal  network.  Previous  studies  have  indicated  the 
importance  of  cytoskeletal  organization  arising  from  changes  in  cell  morphology 
(Dalby  et  al.,  2007a,  Dalby  et  al.,  2007c).  This  chapter  indicates  that  as  well  as 
considering the main cytoskeletal proteins themselves (actin, tubulin and with these 
cells, vimentin), linker proteins such as caldesmon should be considered. This may be 
especially the case at late time-points, where the cells are active in producing bone 
and where perhaps stabilization of the cytoskeleton is important. 
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Changes  in  cell  adhesion  generate  mechanical  forces  that  affect  cell  cytoskeletal 
polymerization which can be seen here in the form of changes in expression of some 
transducer proteins such as zyxin and hsp27. Previous studies have indicated that 
mechanical forces affected focal adhesions in a zyxin-dependent manner (Yoshigi et 
al., 2005, Lele et al., 2006, Hirata et al., 2008). Both zyxin and hsp27 plays roles in 
the FAK pathway (Brancaccio et al., 2006, Lee et al., 2008). FAK activation depends 
on actin cytoskeleton and integrin signalling (Lee et al., 2008). Additionally, down-
regulation of GRASP55 implicated the involvement of MEK/ERK signaling. It is 
possible that changes in cell proteome and ultimately cell differentiation seen in this 
study were driven by the ERK-FAK signaling cascade. 
 
In  this  chapter,  a  bioreactor  was  used  to  increase  tissue  mass  for  (A)  tissue 
engineering goals and (B) to deliver sufficient protein for proteome analysis. In order 
to generate sufficient tissue for clinical use, bioreactors and long-term culture are a 
requirement; here perfusion and 4 weeks of culture were used and the cells assessed 
at  this  meaningful  time-point  (i.e.  post-nodule  formation).  Since  the  bioreactor 
provides increased nutrient supply, the tissue growing rate compared to static culture 
was increased  similarly for flat and grooved materials. Moreover, the highlighted 
protein  changes  could  be  sensibly  related  to  osteogenic  activity  through  database 
assessment of protein activities. 
 
In the next step the techniques and protocols used in this chapter will be applied to 
the tissue culture on nanoscale topography. The use of nanoscale topography as a 
modulator of bone tissue engineering is the overall goal of this thesis.  
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CHAPTER III The optimisation of the DIGE protocol to study the effect of 
disordered nanopits on osteoprogenitor cell differentiation 
 
3.1 Introduction 
 
The main focus of this thesis is to follow proteomic changes in the osteoprogenitor 
populations on bioactive (osteogenic) nanotopographical surfaces using DIGE.  
 
The  previous  chapter  demonstrated  an  optimal  methodology  which  could  be 
successfully applied to evaluate differential protein expression of osteoprogenitors on 
micro-grooved surfaces compared to flat controls. However, as the nanotopographical 
materials used in this chapter had smaller areas than the microtopographies used in 
the previous chapter, protein extraction needed to be modified. On the microgrooves, 
cell sheets were trypsinised from the  surfaces prior to protein extraction and this 
excluded endogenous extracellular matrix proteins on the material surfaces, which are 
important in tissue development. This will be addressed within Chapter III. 
 
3.2 Disordered nanoscale topography (NSQ50) 
 
A  particularly  interesting  nanoscale  topography  that  has  similar  levels  of 
osteoconversion of progenitor cells to treatment with dexamethasone and ascorbate 
has recently been reported and thus forms a natural focus for this thesis (Dalby et al., 
2007b).  
 
Previous  studies  have  implicated  roles  for  nanoscale  topography  in  skeletal  cell 
differentiation  and  implications  therein  for  bone  tissue  engineering  (Dalby  et  al., 
2006b, Dalby et al., 2006a, Dalby et al., 2007d). When considering nanopits (120 nm 
diameter, 100 nm depth) fabricated by electron beam lithography, it was seen that 
changes in pit spacing by as little as ± 20 nm could strongly influence bone osteoid 
formation in vitro. Pits in an absolute square arrangement with 300 nm centre-to-
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of  controlled  disorder  (near  square)  strongly  induced  osteoid  formation,  to  an 
optimum of ± 50 nm (NSQ50). Totally random pit placing resulted in a low degree of 
bone matrix formation (Dalby et al., 2007d). This shows the exquisite level of control 
that can be elicited on progenitor cells and stem cells by control and manipulation of 
their nanoenvironment.  
 
The same pits were also seen to strongly affect the formation of focal adhesions in 
human osteoblasts. The square arrangement leads to a shift in distribution of focal 
complexes (<2 µm), focal adhesions (2-5 µm) and super-long adhesions (>5 µm) 
towards the transient focal complexes. However, the near-square topography caused a 
shift in the opposite direction, towards an increased density of super-long adhesions 
(Biggs et al., 2007b). A study of fibroblasts cultured on the absolute square pits used 
immuno-transmission  electron  microscopy  to  show  that  the  cells  could  not  form 
adhesions  over  the  pits  and  thus  the  surface  area  available  to  the  cells  to  form 
adhesions was reduced (Dalby et al., 2007a). However, the results studying adhesion 
length (Biggs et al., 2007b) suggest this is otherwise in cells cultured on the near-
square pits; i.e. the pits rather induce adhesion formation in bone cells. 
 
Larger pit systems, more similar in size to osteoclast resorbtion pits, produced by 
photolithography, with pits of 362 nm depth and 40 µm diameter, have also been 
observed  to  promote  induction  of  bone  osteoid  and  expression  of  the  osteoblast-
specific  extracellular  matrix  proteins  (osteocalcin  and  osteopontin)  (Dalby  et  al., 
2006a). Nanopits have further been shown to affect integrin expression in human 
foetal osteoblast (hFOB) cells and to induce differences in expression of integrin-
mediated cell signalling molecules e.g. focal adhesion kinase (FAK) in osteoblastic 
cells (Lim et al., 2007). These results suggest roles for biomimicry in the fabrication 
of  biomaterial  topographies.  That  is,  when  techniques  such  as  electron  beam 
lithography  are  employed  to  produce  nanosurfaces,  perhaps  a  biological  level  of 
disorder must be included, or perhaps natural features (such as resporption pits in 
bone) should be incorporated.  
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In this chapter, the novel near square nanopits arrays embossed in the biodegradable 
polymer  polycaprolactone  (PCL,  approved  for  use  in  the  body)  has  been  further 
considered with respect to their influence on osteoprogenitor proteome. Coomassie 
blue and alizarin red have been used to observe the cellular morphology of the human 
osteoprogenitors in order to validate DIGE results.  
 
3.3 Materials and methods 
 
3.3.1 Nanotopographical Fabrication 
 
Samples  were  made  in  a  three-step  process  of  electron  beam  lithography  (EBL), 
nickel die fabrication and hot embossing. Silicon substrates were coated with ZEP-
520A resist to a thickness of 100 nm. After the samples were baked for a few hours at 
180 °C, they were exposed in a Leica LBPG 5-HR100 beamwriter at 50 kV. We have 
developed an  efficient way to pattern a 1 cm
2  area with 1–10 billion pits. Three 
different pit sizes were made using different spot sizes. An 80 nm spot size was used 
finally  resulting,  after  embossing,  in  pits  with  a  diameter  of  120  nm.  The  pitch 
between the pits was set to an average of 300 nm with a ± 50 nm error (in x and y) 
written into the placement of the pits at the centre of the square. After exposure the 
samples were developed in o-xylene at 23 °C for 60 s and rinsed in copious amounts 
of iso-2-propanol. 
 
Nickel dies were made directly from the patterned resist samples. A thin (50 nm) 
layer of Ni–V was sputter coated on the samples. This layer acted as an electrode in 
the subsequent electroplating process. The dies were plated to a thickness of ca. 300 
µm. A diagram of the EBL process is shown as figure 3.1. 
 
Polymeric replicas were made in polycaprolactone (PCL; Sigma-aldrich) sheets. PCL 
sheets were cut into 1 cm
2 squares before being cleaned with 75% ethanol following 
by deionized water and blown to dry with cool air. The PCL substrates were heated Chapter III Protocoll Optimisation for Disordered Nanopits  69 
by light until they started to melt. Either the nickel die or flat slides were embossed 
onto the PCL substrates. PCL substrates were cooled down and the moulds were 
removed. The samples were denoted as being near square ± 50 nm (NSQ 50) (figure 
3.2). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.1 Electron Beam lithography. The diagram of NSQ50 fabrication using 
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3.3.2 Cell Culture 
 
Human osteoprogenitor cells were obtained from haematologically normal patients 
undergoing routine surgery. Only tissue that would have been discarded was used 
with the approval of the Southampton & South West Hants Local Research Ethics 
Committee. Primary cultures of bone marrow cells were established as previously 
described (Oreffo et al., 1999b). 
 
Human osteoprogenitor cells were cultured in 75 cm
2 tissue culture flasks at passage 
2. Culture was maintained in basal media (α-MEM containing 10% FCS and 2% 
Antibiotics)  at  37 
0C,  supplemented  with  5%  CO2.  Confluent  cell  sheets  were 
trypsinized and 1x10
5 cells were seeded onto NSQ50 and control flat PCL sheets. The 
cells were maintained as a static culture and media was changed twice per week. 
 
3.3.3 Histology 
 
Coomassie blue was used to monitor cell morphology at two time-points (1 and 3 
weeks, selected to allow viewing of individual cells and nascent bone nodules). PCL 
sheets with cultured cells were fixed in 4% formaldehyde in PBS for 15 minutes at 
each  time  point.  Cell  staining  was  performed  using  5%  Coomassie  blue  in  40% 
methanol and 10% acetic acid for 5 minutes. The stained materials were washed 
twice in tap water. Samples were viewed by bright-field microscopy. Pictures were 
taken by greyscale digital camera (Scion Corporation Model CFW-1310M). 
 
3.3.4 Scanning Electron Microscopy (SEM) 
 
Cells were fixed with 1% glutaraldehyde (Sigma, UK) buffered in 0.1 M sodium 
cacodylate (Agar, UK) (4 °C, 1 h) after a 3-week culture period to allow the viewing 
of any nascent bone nodules. The cells were then post-fixed in 1% osmium tetroxide 
(Agar,  UK)  and  1%  tannic  acid  (Agar,  UK)  was  used  as  a  mordant,  dehydrated 
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by further dehydration in 90, 96, and 100% alcohol. The final dehydration was in 
hexamethyl-disilazane (Sigma, UK), followed by air-drying. Once dry, the samples 
were sputter coated with gold before examination with Hitachi S800 field emission 
SEM. 
 
3.3.5 Alizarin staining 
 
2% Alizarin red stain (pH 4) was prepared by mixing 2 gms of Alizarin red S (Sigma) 
with 100 ml of water and diluted ammonium hydroxide was added to adjust the pH. 
After 3 weeks of culture in order to view nascent nodules, the osteoprogenitors were 
fixed in 4% formaldehyde for 15 min at 37 
°C. Then they were stained with 2% 
alizarin red for 5 min before washing with water. Samples were viewed by bright-
field  optical  microscopy.  Pictures  were  taken  by  greyscale  digital  camera  (Scion 
Corporation Model CFW-1310M). 
 
3.3.6 Protein Extraction and Protein Precipitation 
 
After 5 weeks culture, to ensure sufficient levels of protein for analysis, cell sheets 
were lysed 1 ml of DIGE lysis buffer (7M Urea, 2M Thiourea, 4% CHAPS and 30 
mM  Tris-base  pH  8.0)  with  1X  final  concentration  of  general  purpose  protease 
inhibitor cocktail. Note that there was no trysinisation step but lysis buffer was added 
directly onto materials. The cell suspension was left at room temperature for 1 hour 
with  vigorous  mixing  every  20  minutes.  The  suspension  was  then  centrifuged  at 
2,100  rpm  for  10  minutes  to  remove  insoluble  material.  Proteins  were  then 
precipitated from the supernatant by addition of 4 volumes of 100% cold acetone (-20 
0C). After centrifugation, the protein pellets were washed in 80% acetone and re-
suspended in DIGE lysis buffer. The Bradford protein assay was used to determine 
the amount of protein extracted from each material. Protein assay was performed as 
described in chapter II, section 2.2.1. 
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3.3.7 DIGE – analytical gels 
 
The same method used in chapter II, section 2.2.1.4 was applied to analyse protein 
extract from NSQ50.  
 
3.3.8 Preparative 2D gels 
 
Osteoprogenitor cells (passage 2) were grown in a 75 cm
2 tissue culture flask until 
80-90% confluent. The cells layer was rinsed with HEPES saline before 1 ml of 
DIGE lysis buffer was added (7M Urea, 2M Thiourea, 4% CHAPS and 30 mM Tris-
base  pH  8.0)  with  1X  final  concentration  of  protease  inhibitor  cocktail  (Sigma-
Aldrich). The cell suspension was left at room temperature for 1 hour with vigorous 
mixing every 20 minutes. The suspension was then centrifuged at 2,100 rpm for 10 
minutes  to  remove  insoluble  material.  Proteins  were  then  precipitated  from  the 
supernatant  by  addition  of  4  volumes  of  100%  cold  acetone  (-20 
0C).  After 
centrifugation, the protein pellets were washed in 80% acetone and re-suspended in 
DIGE lysis buffer. 300 µg of the protein extracted was reduced by 6 µl of 20 mM 
TCEP  and  then  labelled  with  20  µl  of  Cy3  DIGE  fluor.  After  this,  2D-Gel 
Electrophoresis  was  performed  and  the  gel  scanned  as  described  above.  The 
preparative gel image was matched with analytical DIGE gel images and the spots of 
interest were selected for further analysis.  
 
A pick list was generated, containing gel co-ordinates that were used to direct spot 
cutting.  Gel  spots  were  excised  using  an  Ettan  Spot  Handling  Workstation 
(Amersham Biosciences, UK) and each gel piece was placed in a separate well of a 
96-well plate. Gel pieces were washed three times in 100 µl of 50 mM ammonium 
bicarbonate, 50% v/v methanol and then twice in 100 µl 75% v/v acetonitrile, before 
drying. Gel pieces were rehydrated with trypsin solution (20 µg trypsin/ml 20 mM 
ammonium bicarbonate), and incubated for 4 h at 37 
oC. Peptides were extracted from 
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trifluoroacetic acid, before being transferred in solution to a fresh 96 well plate and 
dried before mass spectrometric (MS) analysis.  The use of  a preparative gel was 
required due to the detection limits of the MS and the protein yield from our small 
samples. 
 
3.4 Results 
 
3.4.1 Fabrication 
 
Both SEM and AFM images indicated that the disordered nanopits were reproduced 
with good fidelity on the surface of embossed PCL sheets (SEM images are shown in 
figure 3.2). AFM was also used to evaluate the surface roughness of the flat PCL 
sheet which was used as a control surface (AFM images of NSQ50 and control are 
shown in figure 3.3). 
 
 
 
 
 
 
 
 
 
Figure 3.2 SEM image of NSQ50 nanopitted substrates. Near square nanopits with 
120 nm diameter, 100 nm depth and with average 300 nm centre-centre spacing (300 
nm  spaced  pits  in  square  pattern,  but  with  +/-50  nm  disorder)  on  polycarbonate 
substrates produced by electron beam lithography and embossing (A). Embossed-
PCL  sheet  analysed  by  atomic  force  microscope  to  confirm  that  the  nanoscale 
topography was successfully transferred (B). Chapter III Protocoll Optimisation for Disordered Nanopits  74 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure  3.3  AFM  image  of  flat  control  and  NSQ50  nanopit  substrates.  Planar 
control  and  near  square  nanopits  with  120  nm diameter,  100  nm  depth  and  with 
average 300 nm center-center spacing (300 nm spaced pits in square pattern, but with 
+/-50 nm disorder) embossed into polycaprolactone (PCL) substrates showed good 
fidelity. 
 
3.4.2 Cell morphology and histology 
 
Coomassie blue staining after 5 days indicated that osteoprogenitor cells on the flat 
control were observed to be well spread, whilst osteoprogenitors on the NSQ50 test 
surface  appeared  less  well  spread  (figure  3.4).  Higher  magnification  observation, 
however, showed that similar cell numbers could be observed in each image-grab 
area and that the cells on the NSQ50 topography were indeed smaller (figure 3.5). 
After  3  weeks  of  static  culture,  confluent  cell  layers  (90%+)  were  observed  on 
control. However, dense clusters of cells were noted on nanopit surface (figure 3.4) 
with the appearance of bone osteoid. Results from scanning electron microscopical 
evaluation confirmed these results with bone nodule-like structures only observed on 
NSQ50 (figure 3.6). Alizarin red staining of calcium was observed after 3 weeks Chapter III Protocoll Optimisation for Disordered Nanopits  75 
culture on both NSQ50 and control materials (figure 3.7). Dense aggregates with 
intense staining, however, were only observed on the NSQ50 test topography. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.4 Osteoprogenitor cells (OPGs) cultured on PCL substrates in static 
culture. A. 5 days on flat surface, B. 5 days on NSQ50, C. 3 weeks on flat surface, D. 
3 weeks on NSQ50. Note that cells on NSQ50 at day 5 are less spread compared to 
flat surface. By 3 weeks, dense aggregates appear on NSQ50, similar in appearance to 
bone nodules. Chapter III Protocoll Optimisation for Disordered Nanopits  76 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure  3.5  Higher  magnification  of  Osteoprogenitor  cell  morphology.  Higher 
magnification images of different areas on flat (A and C) and NSQ50 (B and D) after 
5  days  of  culture  showed  that  the  number  of  osteoprogenitors  adhered  on  both 
surfaces were similar. Chapter III Protocoll Optimisation for Disordered Nanopits  77 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.6 Scanning electron micrographs of osteoprogenitor interaction with 
NSQ50 nanopits compared to flat control. On the NSQ50 topography (upper row), 
cells  could  adhere  and  differentiate  to form  a  dense  aggregate  of  cells  similar  in 
appearance to bone nodules (A and B). Cells used their filopodia to sense nanopit 
topography surface (C and D). On the flat surface (bottom row), cells were fully 
spread and proliferated to form confluent tissue layers (E and F). Also, cells using 
their filopodia to sense the substratum surface can be seen (G and H). Chapter III Protocoll Optimisation for Disordered Nanopits  78 
 
Figure 3.7 Alizarin red staining for calcium accumulation. Positive calcium 
staining could be seen 3 weeks after cell seeding on planar control and NSQ50. Dense 
aggregates of cells, bone nodules, however, were only observed on NSQ50 (B, 
arrowheads) 
 
3.4.3 DIGE 
 
After labelling, proteins were separated and analysed by DeCyder software. Areas 
that  had  the  degree  of  difference  more  than  2  fold  were  matched  with  standard 
preparative gels and then the protein identifications were reported. DIGE showed that 
the expression of a number of proteins was significantly modulated following the 
culture of human osteoprogenitor cells on NSQ50 compared to those cultured on flat 
control  (figure  3.8).  The  results,  including  name,  direction  and  magnitude  of 
regulation and at-a-glance function, of the identified proteins are shown in Table 3.1. 
 
3.4.4 Preparative gel and protein identification 
 
Areas  that  showed  degrees  of  difference  in  protein  expression  on  analytical  gels 
(figure 3.8) were matched with the reference gel (figure 3.9). After gel matching was 
performed, a pick list was generated from the reference gel and protein identification 
was performed. Names of the identified proteins were annotated to the corresponding 
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Note that there was no step of cell sheet trypsinisation, thus the extracellular matrix 
proteins adsorbed to the flask surface will also have been extracted. As presented in 
figure 3.9, there were three areas that could not be detected in the previous work with 
lysates from trypsinised  cell cultures (chapter II). These areas are marked by red 
arrowheads  and  numbers  (Figure  3.9).  Interestingly,  area  #  1  was  identified  as 
albumin which should come from fetal bovine serum in the medium. Area # 2 was 
identified as galectin-8 which is important for cell adhesion and cell survival and area 
# 3 was identified as hypothetical protein. However, protein identification of other 
areas on both reference gels (3.9 A) and analytical gel (3.9 B) had similar results as 
discussed in the previous chapter setion 2.3.3.1. 
 
3.4.4.1 Proteins with Increased Expression 
 
Significant  up-regulations  of  actin  isoforms,  beta-galectin1,  vimentin  and 
procollagen-proline, 2-oxoglutarate 4-dioxygenase, prolyl 4-hydroxylase were noted. 
 
Electrophoretic  area  1:  Procollagen-proline,  2-oxoglutarate  4-dioxygenase  and 
Prolyl 4-hydroxylase are a group of enzymes that play critical roles in the maturation 
of collagen fibers (Pihlajaniemi et al., 1991). Hydroxyproline is involved in hydrogen 
bond  formation  which  is  important  for  the  stabilization  of  collagen  fibers 
(Ramachandran  et  al.,  1973).  Prolyl  4-hydroxylase  catalyzes  the  formation  of  4-
hydroxyproline  in  collagens  and  the  reaction  catalyzed  by  prolyl  4-hydroxylase 
requires  Fe
2+,  2-oxoglutarate,  O2  and  ascorbate  and  involves  an  oxidative 
decarboxylation of 2-oxoglutarate (Kivirikko et al., 1989). The up-regulation of these 
enzymes suggests increasing collagen synthesis in cells cultured on nanopits. 
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Figure  3.8  Typical  DIGE  images  as  were  analyzed  by  DeCyder
TM  Image 
Analysis Software. Figure A&C were the images of proteins from control labelled 
by Cy3. Figure B&D were the images of proteins from NSQ50 labelled by Cy5. 
Figure  A&B  showed  the  areas  of  up-regulated  proteins  on  NSQ50  (B)  when 
compared  control  (A)  whilst  figure  C&D  showed  the  areas  of  down-regulated 
proteins on NSQ50 (D) when compared control (C). Peak volumes of each spot were 
compared against each other (insets). 2.0-fold difference in peak volume was used as 
a cut-off to determine the difference of protein expression between test and control. 
In all DIGE gels there were areas showing results of up and down-regulation and 
these spots were used for protein identification. 
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Figure 3.9 Spot matching and protein identification. Using the modified protein 
extraction  method,  three  areas  were  found  distinctively  from  the  previously  used 
method. These areas were detected on both reference gel (A) and analytical gel (B). 
 
Electrophoretic  area  2:  Vimentin  is  the  major  skeletal  intermediate  filament 
cytoskeletal protein and is involved in a wide range of cellular activities. Intermediate 
filaments  play  an  important  role  in  supporting  the  location  of  the  organelles 
(Katsumoto et al., 1990). Furthermore, intermediate filaments respond to mechanical 
stresses with great sensitiveity (Thoumine et al., 1995) and have postulated roles in 
mechanosensitive signalling via e.g. cellular tensegrity (Ingber, 1997a, Wang et al., 
1993).  In  previous  study,  the  osteoblast-like  cell  line  MC3T3-E1  showed  higher 
expression of vimentin during the differentiation and mineralization phase than in the 
proliferation phase suggesting vimentin may have a role in bone maturation (Kitching 
et al., 2002). 
 
Electrophoretic area 3: Actin is a cytoskeletal protein known to be important in 
topographical  contact  guidance  (Wojciak-Stothard  et  al.,  1995).  Changes  in  actin 
organization have also been reported in response to nanoscale topographies (Dalby et 
al., 2003). Increase in well-organized actin stress fibres is associated with enhanced 
osteogenic activity (Titushkin and Cho, 2007). This may be through the generation
 of 
tension by actin stress fibres effecting the formation of focal adhesions which have 
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extracellular  matrix  to  the  cytoskeleton.  Such  changes  to  cellular  adhesion  will 
change  signalling  from  associated  proteins  such  as  focal  adhesion  kinase  (FAK), 
extracellular receptor kinase (ERK) and Src family kinases. All of which interact 
during  FAK  autophosphorylation  during  adhesion  maturation  and  stress  fibre 
assembly (Chrzanowska-Wodnicka and Burridge, 1996, Dalby et al., 2008a). 
 
Electrophoretic area 4: Up-regulation of beta-galactoside-binding lectin precusor 
(galectin precusor) and galectin-1 were found. These results may indicate increased 
osteo-specific  differentiation  on  NSQ50  compared  to  control  (Choi  et  al.,  1998, 
Aubin et al., 1996, Colnot et al., 1999) as expression of galectin in skeletal tissue is 
controlled by Runx2 during the matrix maturation stage of osteoblastic development 
(Stock  et  al.,  2003).  Galectin-1  was  found  associated  with  the  nuclear  matrix  in 
differentiated  osteoblasts.  It  was  detectable  only  in  the  nuclear  matrix  of 
differentiated osteoblasts (Choi et al., 1998) 
 
3.4.4.2 Proteins with Decreased Expression 
 
Significant down-regulations for enolase, caldesmon, zyxin, GRASP55, Hsp70, (BiP, 
GRP78), RNH1, cathepsin D and Hsp27 were found. 
 
Electrophoretic  area  5:  Previous  studies  indicate  that  certain  isoforms  of  Hsp70 
were down-regulated.  Heat shock 70-kDa protein 8 isoform 1
 (HSPA8) is expressed 
on  the  cell  surface  of  human  embryonic  stem  cells  and  down-regulated
  upon 
differentiation (Son et al., 2005). Decrease in mtHSP70 is important for the induced 
differentiation of HL-60 promyelocytic leukemia cells (Xu et al., 1999). In contrast, 
other  study  showed  an  increasing  in  Hsp70  (GRP78/Bip)  during  differentiation 
(Nakai et al., 1995). In addition, Cotrupi and Maier have also suggested that cells in 
microgravity express Hsp70 in order to maintain their proliferative potential (Cotrupi 
and Maier, 2004). While little is understood yet about this group of proteins, it seems 
likely  that  heat  shock  proteins  will  be  important  in  modulation  osteoblastic 
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Electrophoretic area 6: Down-regulation of RNase inhibitor was also noted in a 
previous  study  (Kantawong  et  al.,  2009)  which  considered  progenitor  cells  on 
grooves. Activity of RNase is inhibited by formation of a complex with an inhibitor 
(such  as  RNH1).  In  vivo  more  than  95%  of  ribonuclease  is  complexed  with  an 
inhibitor and the inhibitor/RNase ratio is elevated in proliferating tissues (Schneider 
et al., 1988). Thus, it may be that this result indicates the lower proliferative activity 
of the cells on the NSQ50 (compared to control) as a consequence of differentiation 
to matrix secreting cells. 
 
Electrophoretic area 7: Down-regulation of Golgi reassembly  stacking protein 2 
(GRASP55) might indicate the decreasing of mitotic activity of the cultured cells on 
disordered  nanopits.  GRASP55  plays  a  mitogen-activated  protein  kinase  kinase 
/extracellular-activated  protein  kinase  (MEK/ERK)-regulated  role
  in  Golgi  ribbon 
formation  and  cell  cycle  progression  (Feinstein  and  Linstedt,  2008).  GRASP55 
mediates
 assembly of Golgi stacks in an in vitro assay (Shorter et al., 1999). 
 
Electrophoretic  area  8:  Zyxin  is  one  of LIM domain  proteins  at  focal  adhesion 
plaques (Wang and Gilmore, 2003). Zyxin is a phosphoprotein localized at sites of 
cell-substratum adhesion and also plays a role as an intracellular signal transducer. 
Zyxin and its partners have been implicated in the spatial control of actin filament 
assembly as well as in pathways important for cell differentiation (Beckerle, 1997). 
This  group  of  proteins  also  shuttle  through  the  nucleus  and  may  regulate  gene 
transcription by interaction with transcription factors (Wang and Gilmore, 2003). 
 
Electrophoretic area 9: Down-regulation of caldesmon can also be correlated to the 
previous proteomic study considering grooved topography (Kantawong et al., 2009). 
Caldesmon is an actin binding protein. In non-muscle cells it influences contractility
 
by interfering with focal adhesion and stress fibre assembly (Helfman et al., 1999, Li 
et al., 2004). Thus, this result appears to fit well with the previous observation of 
increased actin isoform expression. This result is also in agreement with a further 
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during osteoblastic differentiation. 
 
Electrophoretic  area  10:  Down-regulation  of  alpha-enolase  provides  further 
evidence  that  culture  cells  on  NSQ50  were  differentiating  (compared  to  control). 
Alpha-enolase  was  found  up-regulated  in  proliferating  human  keratinocytes  and 
down-regulated in differentiating cell types (Olsen et al., 1995).  
 
Electrophoretic  area  11:  Cathepsin  D  is  a  well-characterized  aspartic  protease 
expressed ubiquitously in lysosomes. The enzyme has broad substrate specificity at 
acidic pH. Cathepsin D is important in bone degradation due to a role in extracellular 
matrix  degradation.  Cathepsin  D  has  also  been  implicated  in  cell  growth  and 
apoptosis and expressed as a marker for osteoclast differentiation. Osteoclasts are 
macrophage-derived cells developed from the haematopoietic lineage. This suggested 
that protein expression during cell differentiation depends on individual cell types. 
 
Electrophoretic area 12: Heat shock protein 27 is a downstream regulator of actin 
filament structure and dynamics (Landry and Huot, 1995). Heat shock protein 27 is 
involved in regulation of actin polymerization and stability (Benndorf et al., 1994, 
Huot et al., 1996) and participates in the cell proliferation and differentiation during 
tissue  development  (Wang  and  Gilmore,  2003,  Takahashi-Horiuchi  et  al.,  2008, 
Matalon et al., 2008). In contrast, HSP27 expression was decreased in this study. 
HSP27 overexpression has been shown to increase FAK phosphorylation and focal 
adhesion  formation,  depending  on  integrin-mediated  actin  cytoskeleton 
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Table 3.1 Names and functions of proteins modulated by the NSQ50 topography. 
The cut-off used in this study was changes greater than 2.0-fold up/down regulation. 
Area 
 
Name  Function 
summary 
Expression 
resulting from 
static culture 
1 
 
Prolyl 4-hydroxylase  Collagen formation  +2.50±1.13 
2 
 
Vimentin   Cytoskeleton 
(Intermediate 
filament) 
+2.93±0.51 
 
3  Actin   Cytoskeleton 
(Microfilament) 
+3.55±1.57 
4  Galectin-1  Regulation of cell 
adhesion 
+3.63±0.82 
 
5  Hsp70 and GRP78 (BiP) 
 
Chaperone  -2.39±0.29 
6 
 
GRASP55  Reassembling of 
golgi apparatus 
-2.81±0.82 
7  RNase inhibiotor  
 
RNA degradation 
inhibition 
-2.77±0.77 
 
8  Zyxin  Focal adhesion 
forming 
-2.83±0.89 
9 
 
Caldesmon  Calmodulin and 
actin binding 
protein 
-5.03±0.99 
10  Alpha-enolase  Enzyme in 
glycolytic pathway 
-2.58±0.31 
 
11 
 
 
Cathepsin D 
 
Lysosomal protease 
 
-2.23±0.31 
 
12  Heat shock protein 27 (Hsp27)  Chaperone  -4.23±0.39 
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3.5 Discussion 
 
The  application  of  optimal  protocols  from  chapter  II  was  used  successfully  to 
evaluate the different of protein expression between cells cultured on NSQ50 and 
control. In this chapter most of the protocols used were exactly the same as those 
used in chapter II. However, the method of protein extraction was modified to be 
suitable for a smaller areas of the nanopitted material (2 cm
2 of grooves compared to 
1 cm
2 of nanopits). 
 
This  chapter  has  examined  the  differential  osteoblast  proteomic  profiles  of  cells 
cultured on an osteogenic nanotopography, NSQ50, and flat control over a 36 day 
time  frame  and  demonstrated  significant  regulation  of  a  number  of  matrix, 
cytoskeletal, heat shock and molecular and biochemical players. 
 
Chapter II considered DIGE of osteoprogenitor cells cultured on microtopography 
(grooves) and showed that microgrooved topography altered the cell morphology and 
induced changes in protein expression profiles. It could be theorised, from linking to 
previous studies, that these changes are induced by changes in the arrangement of the 
cytoskeletal network (Dalby et al., 2007a, Dalby et al., 2007c). The cytoskeleton is 
thought to act as an integrated network transducing changes in cellular tension to the 
nucleus  via  the  close  relationship  of  the  cytoskeletal  intermediate  filaments  (e.g. 
vimentin) and the nucleoskeletal intermediate filaments, the lamins (Ingber, 2003a). 
Furthermore, lamins have been described as being intimate with interphase chromatin 
(Bloom et al., 1996). 
 
It has been reported that nanoscale topographies can induce changes in cell adhesion 
complex formation (Biggs et al., 2007a, Biggs et al., 2008b), cell morphology (Biggs 
et al., 2007b), cytoskeleton network and nuclear organization (Dalby et al., 2007c). 
This chapter investigates whether such changes translate to the proteome on a highly 
novel  nanotopography  for  which  gene  expression  has  also  been  investigated;  the 
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changes as a consequence of alterations to the gene expression. Here, protein profiles 
in  long-term  culture  have  been  studied  (5  weeks).  As  observed,  with  cells  on 
microgrooves, the regulation of the cytoskeleton, is of central importance.  
 
The influence of microscale features on cytoskeletal filaments and tubules are easier 
to appreciate due to the scale of the features compared to the cell; i.e. they are in the 
same order of magnitude. However, nanoscale features are far smaller than the cell, 
corresponding  in  size  to  features  such  as  filopodia,  and  thus  it  seems  likely  that 
nanotopography will change cell behaviour through alteration in adhesion formation 
rather than mechanical constraint. In this study, the novel osteogenic nanotopography, 
NSQ50,  resulted  in  changes  in  protein  expression  profiles  of  the  cultured 
osteoprogenitor cells confirming nanotopography can direct cell differentiation with 
implications therein in the future design of scaffolds and biomaterials for reparative 
approaches.  
 
In  recent  publications  looking  at  nanoscale  topographies  (including  NSQ50)  and 
genomic regulations (Dalby et al., 2007d, Dalby et al., 2008a), it has been shown that 
there  are  several  canonical  (well-defined)  signalling  pathways  that  appear  to  be 
specifically triggered by nanotopography. These include actin related signalling and 
integrin related signalling. The proteomic observation of cytoskeletal and regulatory 
protein  changes  suggests  translation  of  these  pathways  from  the  genome  to  the 
proteome. This is critical for expression of phenotype from genomic regulations. 
 
NSQ50 has previously been shown to modulate osteoid formation in vitro in basal 
media,  whilst  osteoprogenitor  cells  grown  on  flat  control  appear  to  have  a  more 
fibroblastic morphology (Dalby et al., 2007d). It is clear that NSQ50 attenuates cell 
adhesion as shown in the down-regulation of zyxin and Hsp27 which will affect focal 
adhesion kinase (FAK) signalling downstream. These changes will have effects on 
cell cytoskeleton and subsequent cellular trafficking. Since Cathepsin D is involved 
in protein trafficking and protein degradation, it might be postulated that the down-
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maturation  of  cathepsin  D  depends  on  the  clathrin-mediated  trafficking  of  TGN-
derived cargo which is regulated via actin assembly (Carreno et al., 2004, Poupon et 
al., 2008). 
 
The  most  important  change  influenced  by  NSQ50  is  the  attenuation  of  cell 
proliferation as shown in the down-regulation of Golgi reassembly stacking protein 
(GRASP55), the downstream regulator of the mitogen-activated protein kinase kinase 
(MKK)/extracellular-activated  protein  kinase  (ERK)  pathway  (Jesch  et  al.,  2001). 
Down-regulation of RNH1 also agrees that the proliferation rate of cells on NSQ50 
should be decreased. Changes in expression of galectin and procollagen-proline, 2-
oxoglutarate  4-dioxygenase  and  prolyl  4-hydroxylase,  all  infer  changes  in  the 
maturational state of the progenitor cells and thus the results presented in this chapter 
suggest  that  the  balance  of  these  proteins  could  be  important  in  topographically 
induced bone cell differentiation and bone formation.  
 
Disordered  nanopits  imprinted  onto  a  PCL  substrate  are  a  stimulator  of  human 
osteoprogenitor  cell  differentiation.  This  chapter  demonstrates  a  differential 
proteomic  technique  to  study  the  cells  response  to  nanotopography  and  shows  a 
number  of  significant  changes  in  protein  expression.  The  changes  implicate 
modulation  of  focal  adhesions  and  the  cytoskeleton  as  having  central  roles  in 
inducing cell differentiation on nanotopography.  
 
The  development  of  materials  that  can  elicit  desired  responses  in  stem  cell  and 
progenitor cell populations will underpin tissue engineering where a key drive is the 
formation  of  complex  tissues  in  the  laboratory.  This  requirement  for  complex 
nanostructures indicates the need to further elucidate the mechanisms and disordered 
structures implicated in stem cell differentiation and potential therein for developing 
innovative strategies to tissue repair.  Chapter IV Temporal proteomic analysis of novel disordered nanopit topography  89 
Chapter IV Temporal proteomic analysis of novel disordered nanopit 
topography 
 
4.1. Introduction 
 
The aims of this chapter is to firstly monitor changes in expression of proteins for 
osteoprogenitor cells cultured on the osteogenic NSQ50 nanotopography at different 
time  points.  The  second  aim  is  to  compare  static  and  flow  conditions  using 
proteomics for cells cultured on NSQ50.  
 
In  the  previous  chapter,  disordered  nanopits  (NSQ50)  were  shown  to  direct 
osteoprogenitor cell differentiation. Osteoprogenitor cells cultured on NSQ50 started 
to form nascent nodules three weeks after cell seeding but proteomic profiles were 
analysed two weeks later (five weeks after cell seeding). It was postulated that cells 
on NSQ50 had lower proliferative activity when compared to flat surface but a higher 
differentiative ability. To build on this, here, proteomic analysis of osteoprogenitor 
cells was performed at 3, 4, 5 and 6 weeks after cell seeding to explore how NSQ50 
modulates mineral nodule formation. 
 
In  this  chapter,  two  proteomic  approaches  were  used,  firstly  DIGE  and  secondly 
dimethyl labelling. DIGE was used to monitor the expression of the proteomic profile 
at 3, 4, 5 and 6 weeks after cell seeding and dimethyl labelling was used to confirm 
and expand the protein expression profile after 6 week culture. 
 
Dimethyl labelling uses isotopic and non-isotopic formaldehyde to tag the protein 
extracts from test and control materials respectively. Then, the differential protein 
expression between test and control can be quantified by liquid chromatographical 
separation  of  isotopic  against  non-isotopic  forms  and  mass  spectrophotometric 
analysis (Hsu et al., 2003). Highly hydrophobic proteins are rarely to be found on 2D 
gel separations of whole cell lysates (Wilkins et al., 1998) because of precipitation of 
many of these proteins during first-dimension, isoelectric focusing (Fandino et al., Chapter IV Temporal proteomic analysis of novel disordered nanopit topography  90 
2005). LC-MS/MS allows the possibility of enhanced hydrophobic protein detection 
compared to 2D gel electrophoresis by allowing the analyses of complete complexes 
and  preventing  protein  aggregation  of  hydrophobic  regions  during  electrophoresis 
(Fandino et al., 2005). 
 
Histology has been used alongside the proteomic techniques to confirm growth and 
differentiation.  Previous  histological  analysis  of  osteoblast  adhesion  formation  on 
NSQ50 revealed that absolute order reduced adhesion size resulting in a shift (from 
focal  adhesion  formation  (2-5  µm  long  adhesions))  to  formation  of  small  focal 
complexes (< 2 µm long), whilst introducing controlled disorder resulted in a shift to 
the formation of larger, super-mature, adhesions (> 5 µm long). This result implicated 
focal  adhesion  formation  and  the  cytoskeleton  in  osteoblastic  activity  of  the 
disordered  topography.  Gene  array  of  progenitor  cells  indeed  implicated  integrin 
(including focal adhesion kinase, FAK) and cytoskeletal signaling (including small 
G-proteins  responsible  for  filopodial,  lamellipodial  and  stress  fibre  formation). 
However,  also  implied  have  been  the  mitogen  activated  protein  kinase  (MAPK) 
family especially extracellular signal-regulated (ERK) and p38 MAPK (Dalby et al., 
2007d).  Changes  in  these  pathways  have  also  been  implied  by  genomic  and 
histological studies with other topographies (Biggs et al., 2008b, Biggs et al., 2008a, 
Hamilton and Brunette, 2007). 
 
ERK 1/2 (also known as MAPK3, MAPK1) is an interesting biochemical target as, as 
discussed  in  chapter  III,  it  is  linked  to  cell  adhesion  and  is  important  in  cellular 
proliferation, differentiation, and survival through modulation of transcription factors; 
this includes Runx 2 (runt related protein 2, the osteogenic master gene) (Phillips et 
al., 2006, Reilly et al., 2005). The ERK cascade (which involves FAK) is initiated by 
adhesion to the extracellular matrix, for example, activation of ERK following α5β1 
integrin binding at the cell surface to extracellular matrix proteins such as fibronectin 
(Yee et al., 2008). Chapter IV Temporal proteomic analysis of novel disordered nanopit topography  91 
4.2 Materials and methods 
 
4.2.1 Cell Culture 
 
Human osteoprogenitor cells (as used in the previous chapter) were cultured in 75 
cm
2 tissue culture flasks until at passage 2 (to  allow for expansion, but to retain 
multipotency).  Culture  was  maintained  in  basal  media  (α-MEM  containing  10% 
foetal bovine serum and 2% Antibiotics) at 37
0C, supplemented with 5% CO2. Cells 
were  trypsinized  and  1x10
5  cells  were  seeded  onto  NSQ50  and  control  flat  PCL 
sheets. The culture was maintained until week 3 then 5 pairs of material (5 controls, 5 
tests)  were  harvested  for  protein  extraction  and  histological  staining.  This  was 
repeated also for weeks 4, 5 and 6 of culture. Media was changed twice per week. At 
3  weeks  of  culture  (NOTE:  one  time  point  only), fluid-flow  bioreactor  was  used 
alongside the static culture. The cell culture plan is presented in figure 4.1. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.1 Cell culture plan. Five groups of cell culture were set and then stopped at 
different  time  point  (3,  4,  5  and  6  weeks  of  culture)  for  differential  proteomic 
analysis. At 3 weeks culture both static- and flow-system were used. Chapter IV Temporal proteomic analysis of novel disordered nanopit topography  92 
4.2.2 Histology 
 
At similar time points (3, 4, 5 and 6 weeks of culture) to those used for protein 
extraction, cells were fixed for histology.  
 
4.2.2.1  Coomassie  Blue.  PCL  sheets  with  cultured  cells  were  fixed  in  4% 
formaldehyde  in  PBS  for  15  minutes.  Cell  staining  was  performed  using  5% 
Coomassie blue in 40% methanol and 10% acetic acid for 5 minutes. The stained 
materials were washed twice in tap water. Cell morphology was monitored at 3, 4, 5 
and 6 weeks after cell seeding. Samples were viewed by bright-field microscopy. 
Pictures were taken by greyscale digital camera (Scion Corporation Model CFW-
1310M). 
 
4.2.2.2 Alizarin Red: 2% Alizarin red stain (pH 4) was prepared by mixing 2 gms of 
Alizarin red S (Sigma) with 100 ml of water and diluted ammonium hydroxide was 
added to adjust the pH. After 3, 4, 5 and 6 weeks of culture, the osteoprogenitors 
were fixed in 4% formaldehyde for 15 min at 37 
°C. Then they were stained with 2% 
alizarin red for 5 minutes before washing with tap water. Samples were viewed by 
bright-field  optical  microscopy.  Pictures  were  taken  by  greyscale  digital  camera 
(Scion Corporation Model CFW-1310M). 
 
4.2.3 Protein Extraction and Protein Precipitation 
 
After 3, 4, 5 and 6 weeks culture, cells on the materials were lysed in 1 ml of DIGE 
lysis buffer with 1X final concentration of general purpose protease inhibitor cocktail. 
The cell suspension was left at room temperature for 1 hour with vigorous mixing 
every 20 minutes. The suspension was then centrifuged at 2,100 rpm for 10 minutes 
to remove insoluble material. Proteins were then precipitated from the supernatant by 
addition  of  4  volumes  of  100%  cold  acetone  (-20 
0C).  After  centrifugation,  the 
protein pellets were washed in 80% acetone and re-suspended in DIGE lysis buffer. 
The Bradford protein assay was used to determine the amount of protein extracted Chapter IV Temporal proteomic analysis of novel disordered nanopit topography  93 
from each material. Saturation labelling, 2D gel electrophoresis included preparative 
2D  gel  and  protein  identification  were  performed  as  mentioned  in  the  previous 
chapter. 
 
4.2.4 Dimethyl labelling 
 
4.2.4.1 Protein extraction: After 6 weeks of culture (only 1 time point used for this 
very new method), protein extraction was modified from the Eukaryotic Membrane 
Protein  Extraction  Kit protocol  (Pierce).  Six  cultured  materials  (6  flat  PCL  vs  6 
NSQ50) were rinsed in HEPES saline buffer.  150 µl of reagent A was added to the 
cultured  materials  and  incubated  at  room  temperature  for  10  minutes.  900  µl  of 
reagent B/C was added and incubated on ice for 30 minutes. The suspension was 
spun  down  at  10,000  g  for  3  minutes.  The  insoluble  debris  was  separated.  The 
solubilised proteins fraction was used in phase partitioning at 37 
0C for 10 minutes 
following by 10,000 g centrifugation for 2 minutes. The hydrophobic (bottom) and 
hydrophilic (top) fractions were separated from each other. Protein precipitation was 
performed by adding 4 volumes of cold acetone (-20 
0C) into both fractions and 
leaving overnight at -20 
0C. After centrifugation at 10,000 g for 10 minutes, protein 
pellets were washed in 80% cold acetone (-20 
0C) and collected to use in the labelling 
later on. 
 
4.2.4.2  Protein  labelling:  protein  pellets  were  solubilised  in  SDS  buffer.  Protein 
quantification was performed using the Bradford Assay Kit (Bio-Rad, UK). 90 µl of 
100  mM  Sodium  acetate  was  added  to  the  lysate.  Differential  labelling  was 
performed with the addition of 10 µl of 4% formaldehyde (control sample) or 4% 
deuterated formaldehyde (treated sample) to the lysate, followed by 10 µl of 1M 
Sodium  cyanoborohydride.  The  samples  were  vortexed  to  mix,  and  left  at  room 
temperature for 5 minutes. Following labelling, the control (light labelled) and test 
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vortexed and spun down. The hydrophobic fraction of control was mixed with the 
hydrophobic fraction of test and the hydrophilic fraction of control was mixed with 
the hydrophilic fraction of test then both fractions were separated by SDS-PAGE. 
 
4.2.4.3  SDS-PAGE  &  In-gel  digestion:  protein  electrophoresis  was  performed 
following  the  NuPAGE  Electrophoresis  Protocols.  The  polyacrylamide  gel  was 
stained with 5% Coomassie blue. Protein bands were excised and placed in 96 well-
plate. Gel pieces were washed in 25 mM ammonium bicarbonate for 30 minutes 
followed by a wash with 50% acetonitrile/100 mM ammonium bicarbonate for 30 
minutes. Trypsin (Promega, UK) was reconstituted in 25 mM NH4HCO3 pH 8 to a 
final  concentration  of  0.2  µg/µl  and  enough  volume  was  added  to  cover  the  gel 
pieces. Proteins were allowed to digest overnight at 37 
0C. Acetonitrile was added to 
the digest to give approximately 50% acetonitrile in the final volume and incubated 
for 20 minutes before centrifugation. Soluble peptides were transferred to a fresh 96-
well  plate.  1%  formic  acid  was  added  to  cover  the  gel  pieces  followed  by  the 
incubation at room temperature for 20 minutes. Acetonitrile was added to the gel 
pieces again to re-extract the remaining peptides. The soluble peptides were tranfered 
to the same 96-well plate. 
 
4.2.4.4  LC-MS/MS:  Samples  were  separated  by  liquid  chromatography  using  an 
UltiMate HPLC (Dionex, UK). Chromatography was performed using a PepMap C18 
column (Dionex, UK), with a gradient running from 5% to 40% acetonitrile in 20 
minutes followed by a wash at 72% acetonitrile for 5 minutes, and a requilibration 
step  at  5%  acetonitrile  for  6  minutes.  Mass  spectrometry  was  performed  using  a 
QStar pulsar i (Applied Biosystems, UK), with a scan range from 400 to 1500m/z, a 
collection rate of one spectrum per three seconds. For each survey scan collected, 
four precursors were selected for fragmentation, for a total duty cycle of 15 seconds.  
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4.2.4.5  Dimethyl  Labelling  Data  Processing:  Initial  protein  identification  was 
performed using the Analyst software to pass data to the MASCOT software (Matrix 
Science,  UK).  Quantitative  data  processing  was  performed  by  passing  each  LC-
MS/MS data file through the MZwiff program to generate an MZXML file which 
was combined with the MASCOT peak file for analysis by the XInteract (XPRESS) 
software (part of the Trans-Proteomic Pipeline). 
 
4.3 Results 
 
4.3.1 Histology 
 
4.3.1.1 Cell morphology (Coomassie blue): Temporal analysis (3, 4, 5 and 6 weeks 
of culture) showed that the progenitor cells grew well on both the NSQ50 test surface 
and the flat control surface (figure 4.2).  
 
4.3.1.2 Tissue mineralization (alizarin red): The progenitor population was seen to 
be  highly  osteogenic  with  dense  bone  nodules  observed  on  both  flat  control  and 
NSQ50 by 6 weeks of culture. However, whilst aggregates were seen on both the 
control and NSQ50 after 6 weeks of culture, progenitors cultured on NSQ50 were 
seen to form dense nodules 2 weeks prior to cells on control (NSQ50 nodules seen at 
4 weeks, control nodules seen at 6 weeks) (figure 4.3). Chapter IV Temporal proteomic analysis of novel disordered nanopit topography  96 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.2 Coomassie blue staining of osteoprogenitor cells (OPGs) cultured on 
PCL substrates in static culture. A&B = 3 weeks on flat and NSQ50 surface, C&D 
= 4 weeks on flat and NSQ50 surface, E&F = 5 weeks on flat and NSQ50 surface and 
G&H = 6 weeks on flat and NSQ50 surface.  
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Figure 4.3 Alizarin red staining for calcium accumulation. Calcium staining was 
observed at 3- (A&B), 4- (C&D), 5- (E&F) and 6- (G&H) week culture. Positive 
calcium staining could be seen 3 weeks after cell seeding. Dense aggregates of cells, 
bone nodules, were observed on both flat and NSQ50. Note that, lower number of 
less dense aggregates appear on flat surface (A, C and E) while dense aggregates 
were formed on NSQ50 with higher number (B, D and F). Dense, mature, nodules 
were fromed by cells on NSQ50 two weeks before observed on control (arrowheads). Chapter IV Temporal proteomic analysis of novel disordered nanopit topography  98 
4.3.2 Temporal DIGE  
 
DIGE results showed the differential regulation of many proteins at each time point 
as derived from 2D gel images. The following is the list of proteins, together with 
their functions related to cell proliferation and differentiation. The spot areas of each 
protein in the list are shown in figure 4.4 
 
 
 
Figure  4.4  Typical  DIGE  images  as  were  analyzed  by  DeCyder
TM  Image 
Analysis Software. The images of 2D gel showing areas of protein that up-/down-
regulated. Peak volume of each spot was compared against each other. 1 = Hsp70, 2 = 
Gal-8, 3 = tubulin, 4 = α−enolase, 5 = vimentin, 6 = Npm1, 7.1&7.2 = p64, 8.1&8.2 
= Hsp27, 9 = α-collagen, 10.1&10.2 = Gal-1, 11 = thioredoxin and 12.1&12.2 = 
MYL6. Chapter IV Temporal proteomic analysis of novel disordered nanopit topography  99 
Protein Expression of cells cultured in the static environment 
 
Electrophoretic area 1 Heat shock protein 70 (GRP78 and BiP): The major role 
of Hsp70 is working as a chaperone, however, several Hsp70s were characterized as 
microtubule-associated protein (Liang and MacRae, 1997). In mammals there is an 
evidence that mitogen-activated protein kinases (MAPKs) of the ERK family alter 
Hsp70 transcription. The ERK signaling pathway induces expression of Hsp70 (Hung 
et al., 1998) and inhibition of ERK reduces Hsp70 expression in response to various 
stressors (Yang et al., 2004, Keller et al., 2008). Hsp70 was down-regulated (∼3-fold) 
at 3-week culture, however, after 3 weeks the expression of Hsp70 was rising and had 
stabilized by 5 weeks (figure 4.5A). 
 
Electrophoretic area 2 Galectin 8: Secreted galectin-8 inhibits adhesion of human 
carcinoma  (1299)  cells  to  plates  coated  with  integrin  ligands,  and  induces  cell 
apoptosis (Hadari et al., 2000). When immobilized, it functions as a matrix protein in 
promoting cell adhesion by ligation and clustering of a selective subset of cell surface 
integrin  receptors  and  triggers  integrin-mediated  signalling  cascades  such  as  Tyr 
phosphorylation of FAK and paxillin. In contrast, when present in excess as a soluble 
ligand,  galectin-8  forms  a  complex  with  integrins  that  negatively  regulates  cell 
adhesion (Levy et al., 2001, Zick et al., 2004). There was no difference of galectin-8 
expression between test and control at 3 weeks culture (∼1-fold) but the expression 
continuously increased. At 6 weeks culture the expression of galectin-8 on NSQ50 
was up-regulated significantly (∼3.5-fold) when compared to control (figure 4.5B). 
 
Electrophoretic  area  3  Tubulin:  Disruption  of  tubulin  organization  affects  the 
kinetics of actin organization (Rodriguez et al., 2004). Tyrosinated alpha-tubulin is 
involved in specific regulation of cyclin B synthesis (Vee et al., 2001). Tubulin was 
up-regulated at 3 weeks culture, however, after that there was no difference of tubulin 
expression on NSQ50 compared to control (figure 4.5C). 
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Electrophoretic  area  4  Enolase:  Enolase  is  a  multifunctional  glycolytic  enzyme 
(Kang  et  al.,  2008)  and  a  novel  class  of  surface  proteins  which  do  not  possess 
classical machinery for surface transport (Pancholi, 2001). It has an ability to serve as 
a plasminogen receptor on the surface of a variety of hematopoetic, epithelial and 
endothelial cells (Seweryn et al., 2007) and to function as a heat-shock protein and to 
bind cytoskeletal and chromatin structures. This indicates that enolase may play a 
crucial role in transcription (Keller et al., 2007). The induction of alpha-enolase is 
involved with ERK1/2 signalling (Mizukami et al., 2004, Sousa et al., 2005). Enolase 
was  up-regulated  on  NSQ50  at  3  weeks  (∼2.5-fold).  After  that  the  expression  of 
alpha-enolase  on  NSQ50  compare  to  control  was  not  different  (∼1-fold).  After  5 
weeks the expression of alpha-enolase on NSQ50 decreased again and by 6 weeks it 
was down-regulated about 1.5-fold when compared to control (figure 4.5D). 
 
Electrophoretic area 5 Vimentin: Vimentin and intermediate filaments were also 
used as a differentiation marker in many cell types. For example, the differentiation 
process of optic vesicle epithelium into neural retina is influenced by the amount of 
vimentin in epithelial cells (Iwatsuki et al., 1999). In the clonal osteoblast-like cell 
line MC3T3-E1, cDNAs for vimentin were upregulated in both differentiation and 
mineralization,  compared  with  proliferation  (Kitching  et  al.,  2002).  Vimentin 
expression could thus play a role at an advanced stage of osteogenesis (Rius and 
Aller, 1992). At 3 weeks the expression of vimentin on NSQ50 was massively higher 
than control ∼6-fold (6.12±2.13). After that (4 weeks onwards) there was no different 
of vimentin expression between NSQ50 and control. 
 
Electrophoretic  area  6  Nucleophosmin  1  (Npm1):  Npm1  is  an  abundant  and 
ubiquitously expressed phosphoprotein (Szebeni et al., 1995). It locates mainly in the 
nucleolus and shuttles between nucleus and cytoplasm (Borer et al., 1989). Some 
studies suggest that suppression of Npm1 expression in neural stem cells inhibits cell 
proliferation (Qing et al., 2008). The study by Chou et al. suggested that the novel 
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megakaryocytic  differentiation  is  involved  in  the  down-regulation  of  NPM/B23 
during  TPA-induced  megakaryocytic  differentiation  of  K562  cells  (Chou  et  al., 
2007). After 3 weeks culture the expression of Npm1 was down-regulated (∼2.5-fold) 
when compared to control. After 3 weeks, the expression was stable and there was no 
difference between NSQ50 and control as it showed 1.5-, 1.5-, 1-fold up-regulation at 
4, 5 and 6 weeks respectively (figure 4.5E). 
 
Electrophoretic  area  7  Chloride  intracellular  channel  (p64):  Chloride  ion 
channels have been implicated in a number of crucial cellular processes including 
apoptosis,  membrane  potential,  signal  transduction,  cell  cycle  regulation,  and 
acidification of organelles. The regulation of intracellular chloride channels has been 
found  to  be  associated  with  cell  maturational  state  (Stein  et  al.,  1990).  Since  an 
alkaline  pH  supports  mineral  deposition  while  an  acidic  pH  promotes  mineral 
dissolution (Yamaguchi  et al., 1995). Two isoforms of p64 (chloride intracellular 
channel  1  and  chloride  intracellular  channel  4)  were  identified  and  followed;  the 
expression  of  both  isoforms  displayed  similar  patterns  with  down-regulation  at  3 
weeks culture followed by a peak at week 4 (Fig 4.5H). 
 
Electrophoretic area 8 Heat shock protein 27: Heat shock protein 27 (Hsp27) has 
been suggested to participate in cell proliferation and differentiation during tissue 
development (Ciocca et al., 1993). During differentiation of mammalian osteoblasts 
and  promyelocytic  leukemia  cells,  the  expression  of  hsp27  mRNA  was  2.5-fold 
increased (Shakoori et al., 1992). Non-phosphorylated
 Hsp27 might contribute to the 
formation  of  a  short,  branched
  actin  network  at  the  leading  edge,  whereas 
phosphorylated Hsp27
 might stabilize the actin network at the base of lamellipodia,
 
which is composed of long, unbranched actin filaments (Pichon et al., 2004). Two 
isoforms of Hsp27 were followed in our experiments, however, the expression pattern 
of both isoforms were similar (figure 4.5G). At 3 weeks both isoforms were up-
regulated and then continuously dropped. 
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Electrophoretic area 9 Collagen: Alpha1 chain of collagen was found in this area. 
The detection of collagen indicated that cell started to produce extracellular matrix 
protein. Collagen expression was found in many cell types differentiation i. e. the 
expression of collagen type VI was found during odontoblast-like differentiation of 
human dental pulp cells (Wei et al., 2008), chondrogenic differentiation of human 
mesenchymal stem cells (Xu et al., 2008, Quarto et al., 1993), expression of type I 
and III procollagen genes was found in
 embryonic chicken myoblast cell cultures 
(Gerstenfeld et al., 1984). These evidences supported that cells were differentiating 
upon  the  modulation  of  NSQ50.  The  peak  of  collagen  expression  on  NSQ50 
compared to flat surface was at 4 weeks culture (∼2-fold up-regulation) at 4 week 
(Fig 4.5F). 
 
Electrophoretic  area  10  Galectin  1  (Gal-1):  Within  cells,  Gal-1  is  distributed 
diffusely in the cytoplasm (Liu et al., 2002). Choi et al. have identified Gal-1 as a 
component of the nuclear matrix in rat osteoblasts (Choi et al., 1998). Gal-1 is present 
both inside and outside cells and has both
 intracellular and extracellular functions 
(Camby et al., 2006). The presence of Gal-1 in ECM will modify the effects of ECM 
on  cells.  Some  evidence  suggested  that  Gal-1  was  externalized  during  cell 
differentiation  (Cooper  and  Barondes,  1990,  Lutomski  et  al.,  1997,  Wang  et  al., 
2004).  Gal-1  inhibits  the  growth  of  stromal  bone  marrow  cells  (Andersen  et  al., 
2003).  Anti-proliferative
  effects  result  from  the  inhibition  of  the  Ras-MEK-ERK 
pathway (Fischer et al., 2005). Gal-1 is a homodimer linked together by non-covalent 
bond. Both dimeric (dGal-1) and monomeric gal-1 (mGal-1) can be found in culture 
systems. In this study two forms of Gal-1 were found but could not be distinguished 
as dGal-1 or mGal-1. The expression of each form was seen to be in the opposite 
direction to each other. At 3 weeks the higher molecular weight form was down-
regulated  (∼2-fold)  (figure  4.6)  but  the  lower  molecular  weight  form  was  up-
regulated  (∼2-fold)  (figure  4.6).  After  3  weeks  both  forms  were  present  with  no 
different between NSQ50 and control (figure 4.5I). 
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Electrophoretic area 11 Thioredoxin: Cytosolic thioredoxin (Trx) protein contains
 
a  redox-active  dithiol  residue  (Arner  and  Holmgren,  2000).  In  resting  cells, 
thioredoxin
 resides in the cytosol, but activation by a wide variety of
 stimuli leads to 
translocation to the nucleus or secretion of
 this compound (Nakamura et al., 1997, 
Rubartelli et al., 1992). In the extracellular milieu Trx
 acts as a chemokine and co-
cytokine, stimulating cytokine secretion
 and cell proliferation (Schenk et al., 1996). 
Trx can act as a growth factor through use of a surface thiol group (Andersen et al., 
1997). Three isoforms were found at 3 weeks culture but only one form was found at 
4, 5 and 6 weeks with no difference between NSQ50 and control (figure 4.7). At 3 
weeks culture, 3 isoforms (spot 1, 2 and 3 in figure 4.7) were expressed differently. 
Spot 1 was down-regulated (-2.5±1.0) while spot 2&3 were up-regulated (3.32±0.98). 
 
Electrophoretic area 12 Myosin light chain 6 (MYL6): MYL is associated with the 
neck region of the myosin protein complex and important for structural stability of 
the  alpha-helical  lever  arm  domain  of  the  myosin  head  (Hernandez  et  al.,  2007). 
Myosin is known to play a critical role in the regulation of myosin-based contraction 
(Korn, 2000). Myosin VI has an unconventional characteristic as it moves to the plus 
end of actin. MYL6 was dominantly expressed in these spots (spot 3 and 4 in figure 
4.6). MYL6 is a smooth muscle and non-muscle isoform. Changes in expression of 
isoform1 and isoform2 could be noted at 3 weeks culture (figure 4.5J). 
 
Electrophoretic area 13 Annexin V (AnxV): Annexin V was up-regulated in three 
out of five gels at 3-week culture. AnxV is a calcium-dependent phospholipid binding 
protein which functions as a Ca2+ selective ion channel. It has the ability to interact 
with both extracellular matrix proteins and cytoskeletal elements. Overexpression of 
annexin V also resulted in up-regulation of annexin II, annexin VI, osteocalcin, and 
runx2 gene expression, expression and activity of ATPase, and ultimately stimulation 
of mineralization (Wang et al., 2005). Chapter IV Temporal proteomic analysis of novel disordered nanopit topography  104 
 
 
Figure 4.5 Temporal monitoring of protein expression. Change in expression of 
Hsp70  (A),  Gal-8 (B),  tubulin (C),  alpha-enolase  (D),  Npm1 (E),  α-collagen  (F), 
Hsp27 (G), p64 (H), Gal-1 (I) and MYL6 (J) at 3, 4, 5 and 6 weeks culture. The 
presence of different isoforms were noticed for Hsp27 (G), p64 (H), Gal-1 (I) and 
MYL6 (J). Chapter IV Temporal proteomic analysis of novel disordered nanopit topography  105 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.6 Differences in isomeric expression. Differences in expression of Gal-1 
isoforms  (1&2),  and  MYL6  isoforms  (3&4)  modulated  by  NSQ50  compared  to 
control surface at 3 weeks culture is presented in this figure.  
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Figure 4.7 Differences in isomeric expression of Trx. thioredoxin modulated by 
NSQ50 compared to control surface at 3 weeks culture is presented in this figure. 
 Chapter IV Temporal proteomic analysis of novel disordered nanopit topography  107 
4.3.3 Dimethyl labelling  
 
The dimethyl gel image is shown in figure 4.8 and the results for differential protein 
expression  are  presented  in  table  4.1;  there  were  some  proteins  that  showed  a 
remarkable up- and down-regulation as will be described. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.8 SDS-PAGE of proteins tagged by dimethy labelling. SDS-PAGE was 
performed after dimethyl labelling to remove low molecular weight contaminants and 
to provide an additional dimension for separation. The gel was stained to visualise the 
lanes  of  separated  proteins  including  marker,  hydrophobic  (mixed  hydrophobic 
fraction of control and test) and hydrophilic (mixed hydrophilic fraction of control 
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Table 4.1 Protein expression profile from dimethyl labelling. The table shows the 
regulation of a number of different proteins as determined by dimethyl labelling and 
mass  spectrometric  analysis.  Data  analysis  was  performed  using  Xpress  software. 
Fold up-regulation (Xpress ratio) refers to the abundance of a particular protein in 
protein extract from NSQ50 against protein extract from control. Normalisation was 
performed against the median of all detected peptide ratios. 
 
  Proteins  Protein 
probability 
Xpress ratio 
(light/heavy) 
 
1  Keratin1 isoform7  1  4.48 
2  Pyruvate kinase 3  0.95  0.18 
3  Annexin A2  0.98  0.35 
4  Oligodendrocyte transcription 
factor 3 
0.87  10.35 
5  Beta-actin  0.85  0.59 
6  Cytochrome b5 reductase  0.87  4.14 
7  Helicase (DNA) B  0.95  10.78 
8  Myosin regulatory light chain 2  1  0.6 
9  Peroxiredoxin 1  0.99  -0.08 
10  KIAA0120, transgelin 2  0.97  0.49 
11  Chromosome 14 open reading 
frame1 
0.97  0.27 
12  Calmodulin-like 5  1  -1.57 
13  Keratin 5 isoform 8  0.98  0.6 
14  Actinin alpha  0.97  0.07 
15  Keratin, type I cytoskeletal 14  1  0.05 
16  Vimentin  1  0.79 
17  Albumin  0.96  0.42 
18  Gelsolin  0.91  1.74 Chapter IV Temporal proteomic analysis of novel disordered nanopit topography  109 
Table 4.1 Protein expression profile from dimethyl labeling (continue). The table 
shows the regulation of a number of different proteins as determined by dimethyl 
labelling and mass spectrometric analysis. Data analysis was performed using Xpress 
software. Fold up-regulation (Xpress ratio) refers to the abundance of a particular 
protein  in  protein  extract  from  NSQ50  against  protein  extract  from  control. 
Normalisation was performed against the median of all detected peptide ratios. 
 
  Proteins  Protein 
probability 
Xpress ratio 
(light/heavy) 
 
19  Lamin A/C  0.99  0.08 
20  Alpha-tubulin  0.96  -0.02 
21  Eukaryotictranslation initiation 
factor 4 gamma isoform 1 
0.88  -2.04 
22  TCR beta  0.9  4.12 
 
Proteins with changes in expression 
 
(1) Oligodendrocyte transcription factor 3: Olig family is a novel sub-family of 
basic  helix-loop-helix  transcription  factors  recently  identified  (Takebayashi  et  al., 
2000). Olig3 was identified as the third member of Olig family (Takebayashi et al., 
2002). 10-fold up-regulation of this protein demonstrated the possibility that there 
was neuronal differentiation occurring. 
 
(2) Helicase (DNA) B: DNA B helicase is essential in DNA replication and able to 
stimulate primase (Frick and Richardson, 2001). In this study it was found 10-fold 
up-regulated on NSQ50 when compared to control. The expression of this protein 
could possibly be correlated with the up-regulation of oligodendrocyte transcription 
factor 3. 
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(3)  Eukaryotictranslation  initiation  factor  4  gamma  isoform  1:  eIF4G  is  a 
member of the class of translational initiation factors involved in mRNA recruitment 
to the 43S initiation complex (Keiper et al., 1999). The expression of this protein was 
about  2-fold  down-regulated  which  might  indicate  the  lower  translation  rate  at  6 
weeks culture. 
 
(4) T-cell receptor (TCR) beta: TCRs are expressed on the surface of CD4+ or 
CD8+ T-cells (Armstrong et al., 2008). It was found up-regulated on NSQ50 4-times 
compared to control. 
 
(5)  Cytochrome  b5  reductase:  The  expression  of  CBR  is  about  a  4-fold  up-
regulation. It is an integral membrane protein with cytosolic active domains and short 
membrane anchors (Borgese et al., 1993). It also serves  as an electron donor for 
cytochrome b5 and thus participates in a variety of metabolic pathways including 
steroid  biosynthesis,  desaturation  and  elongation  of  fatty  acids,  P450-dependent 
reactions, methaemoglobin reduction, etc. In agreement with this, the up-regulation of 
protein similar to a product of P450c21B gene, the truncated form of steroid 21-
hydroxylase was found with time culture on NSQ50 compared to control (data not 
shown). 
 
4.3.4 The effects of fluid flow bioreactor compared with static culture 
 
4.3.4.1 The Histology of cells cultured in fluid-flow bioreactor 
 
After 1 week in static culture and two weeks in fluid-flow bioreactor, the alizalin 
staining indicated that cells on NSQ50 in both flow and static culture had started to 
form nascent nodules (Fig 4.9A&B) and cell morphology observed by Coomassie 
blue staining of osteoprogenitors cultured on NSQ50 showed little difference between 
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Figure  4.9  Cell morphology  in  fluid  flow bioreactor.  Alizarin  staining  of  cells 
cultured  on  flat  (A)  and  NSQ50  (B)  indicated  that  cells  started  to  aggregate  on 
NSQ50 (arrows). Coomassie blue staining of cells cultured on flat (C) and NSQ50 
(D) confirmed that cells on NSQ50 tended to form colonies (arrowheads). 
 
4.3.4.2 DIGE analysis of cells cultured in the fluid-flow bioreactor 
 
The proteomic profile of cells cultured in the fluid-flow bioreactor was, however, 
different from those cultured in static culture. It is noted that only two DIGE gels 
were  successfully  performed  because  of  the  small  amount  of  protein  extract  that 
could be achieved. Hence only the name and function of proteins with change in 
expression  more  than  2-fold  up-regulation  were  identified  and  reported.  Protein 
expression profiles of cells cultured on NSQ50 in the static environment and fluid-
flow bioreactor (3 weeks after cell seeding) are presented in table 4.2.  Chapter IV Temporal proteomic analysis of novel disordered nanopit topography  112 
Table 4.2 A comparison between protein expression profiles from the fluid-flow 
bioreactor and static culture. By applying a 2-fold cut off, the protein expression 
profiles showed the difference between two systems which indicated that increased 
medium  supply  to  osteoprogenitor  cells  cultured  on  NSQ50  from  the  bioreactor 
affected cell growth (NC represented no change in protein expression). 
 
Number 
 
Name 
 
Regulation 
(static) 
Regulation 
(bioreactor) 
1.  Heat shock protein 70  Down  NC 
2.  Galectin-8  NC  NC 
3  Tubulin  Up  Up 
4  Enolase  Up   NC 
6  Nucleophosmin  Down  NC 
7  Chloride intracellular channel 
(p64) 
Down  NC 
8  Heat shock protein 27  Up  NC 
9  Alpha 1 collagen  NC  NC 
13  Annexin 5
  Up
  Up 
14  Vimentin
  Up  Up 
15  Laminin receptor
  NC
  Up 
16  Cofilin
  NC  Up  
17  YWHAZ
  NC
  Up 
18  Tropomyosin
  NC
  Up 
19  Actin
  NC  Up 
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4.3.4.3  Explanation  of  protein  expression  for  cells  cultured  in  the  fluid-flow 
bioreactor 
 
NOTE:  All  the  below  were  up-regulated  in  bioreactor  culture  for  cells  grown  on 
NSQ50 compared to static culture (except for vimentin that was up-regulated in both 
systems). 
 
(1)  Vimentin:  Vimentin  and  intermediate  filaments  in  general  are  used  as  a 
differentiation marker in many cell types. The differentiation process of optic vesicle 
epithelium into neural retina is reflected by the amount of vimentin in epithelial cells 
(Iwatsuki et al., 1999). The clonal osteoblast-like cell line MC3T3-E1 cDNAs for 
vimentin have higher normalized hybridization intensities in both differentiation and 
mineralization than in proliferation (Kitching et al., 2002). Vimentin expression could 
thus play a role at an advanced stage of bone formation (Rius and Aller, 1992).  
 
(2) Laminin binding protein (laminin receptor): The laminin binding protein is 
one of the matrix receptors (Gloe and Pohl, 2002). A previous study in endothelial 
cells suggested that the mechanical forces acting on endothelial cells may be sensed 
in part by cell-matrix connections (Gloe et al., 1999).  
 
(3)  Cofilin:  The  RhoA/ROCK/LIM/cofilin  pathway  regulates  actin  cytoskeleton 
assembly and thereby effects cellular adhesion and migration (Kuzelova and Hrkal, 
2008). 
 
(4)  Tyrosine  3-monooxygenase/tryptophan  5-monooxygenase  (YWHAZ): 
YWHAZ belongs to the 14-3-3 family proteins. Cofilin also appears to be regulated 
by interactions with 14-3-3zeta (DesMarais et al., 2005). The 14-3-3zeta proteins may 
play a dynamic role in the regulation of cellular actin structures through increasing of 
phosphocofilin levels (Gohla and Bokoch, 2002). 
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(5)  Tropomyosin:  Tropomyosin  competes  with  cofilin  for  accessibility  of  actin 
filament populations in different regions of the cell (DesMarais et al., 2005). The 
functional specificity of tropomyosins is related to the collaborative interactions of 
the isoforms with different actin binding proteins such as cofilin (Gunning et al., 
2008). 
 
(6)  Actin:  Actin  contraction  and  stress  fiber  formation  are  controlled  by  RhoA. 
Increased  actin  polymerization  resultes  in  smooth  muscle  cell  differentiation  and 
increased  actin  expression  (Mack  et  al.,  2001).  Changes
  in  actin  assembly  are 
regulated by controlling the balance between
 polymerized and non-polymerized actin. 
Stabilization of polymerized actin results in a significant increase in actin synthesis 
(Bershadsky et al., 1995). 
 
4.4 Discussion 
 
Whilst nascent nodules could be observed in progenitors cultured on NSQ50 at three 
weeks of culture, mature nodules were not noted until week 4; this is two weeks 
before the observation of mature nodules on flat control. That the cells did form 
nodules in basal media on the flat control demonstrates that whilst only at passage 
two,  the  cells  already  had  high  osteogenic  capacity  as  we  had  not  noticed  this 
previously, but we note that the stem cells will vary in differentiative capacity from 
batch-to-batch; this is the nature of primary cell culture and the result clearly held that 
NSQ50 supported mature nodule formation significantly faster than flat control. 
  
This chapter shows that at three weeks after cell seeding – i.e. pre-mineralisation, the 
protein expression profile indicates, in agreement with genomic studies (Biggs et al., 
2008b,  Biggs  et  al.,  2008a),  that  progenitors  on  NSQ50  may  be  modulated  by 
ERK1/2.  It  thus  might  be  postulated  at  this  time  point  that  as  the  cells  stop 
proliferating and prepare for mineralisation, they were switching in response to ERK 
signalling. 
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Evidence for this comes from a number of protein regulatory changes. Firstly, the 
expression profile of Hsp70 indicated that ERK signaling or p38 MAPK must be 
involved  as  expression  of  Hsp70  is  controlled  by  ERK  or  p38  MAPK  signaling 
(Hung et al., 1998). Hsp70 expression was seen to increase from week 3 suggesting 
that critical levels of ERK signalling had been achieved. 
 
Ligation of integrins by galectin-8 is associated with activation of integrin-mediated 
signaling cascades (ERK and phosphatidylinositol-3-kinase) that are more effective 
and have longer duration than those induced upon cell adhesion to fibronectin (Levy 
et al., 2003). In this chapter the expression of galectin-8 was decreased on NSQ50 at 
3 weeks but it increased continuously through out the experiment. The increasing of 
Gal-8 might reflect the temporal increase of extracellular matrix (ECM) as the cells 
produce  their  own,  endogenous,  ECM.  Protein  extraction  was  performed  without 
trypsinisation thus the ECM will have been extracted and present in the analysed total 
protein.  Protein  extraction  by  trypsinisation  of  the  cell  sheet  from  the PCL  sheet 
provided reduced detection of galectin-8 (data not shown). It can thus be postulated 
that most of the detected galectin-8 would be extracellular galectin-8 (and would thus 
only increase with time) which is required for the activation of the ERK cascade. 
 
Previous  studies  have  reported  the  down-regulation  of  tubulin  as  cells  commit  to 
differentiation  e.g.  β-tubulin  expression  in  embryonic  stem  cells  decreased 
significantly upon commencement of differentiation in TGF-β–supplemented media 
(Murphy and Polak, 2002). Decrease in α-tubulin expression can be observed along 
with monocytic differentiation of leukemic HL60 cells (Herblot et al., 1997). ERK2 
is emerging as an important regulator of the control of cyclin B expression (Dangi et 
al., 2006) and we note here that tubulin has a  role in the regulation of  cyclin  B 
synthesis (Vee et al., 2001). Also, a relationship between the level of tubulin and 
alpha B-crystallin related Hsp has been reported (Sakurai et al., 2005). Here, results 
showed time-related up-regulation of tubulin and alpha B-crystallin related Hsp but 
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experiments, tubulin levels peaked prior to mineralization and dropped pre-terminal 
differentiation,  thus  perhaps  suggesting  a  role  as  a  modulator  of  ERK  signalling 
rather than a target. 
 
Alpha-enolase was also up-regulated at the 3 week, pre-mineralisation time point. As 
noted, the induction of alpha-enolase is involved with ERK1/2 signalling (Mizukami 
et al., 2004, Sousa et al., 2005). Thus, raised levels may suggest that it is helping 
maintain  ERK  signalling  pre-terminal  differentiation  before  dropping  off  (as  with 
tubulin, again suggesting an effector role). 
 
It has been reported that
 Gal-1 modulates cell growth in a dose-dependent manner. 
While high doses (∼1 µM) of recombinant Gal-1 inhibit cell proliferation, low doses 
(∼1 nM) of Gal-1 are mitogenic and thus increase proliferation (Adams et al., 1996, 
Vas  et  al.,  2005).  The  paradoxical  positive  and  negative  effects  of  Gal-1  on  cell 
growth
 are highly dependent on cell type and cell activation status,
 and might also be 
influenced by the relative distribution of
 monomeric versus dimeric, or intracellular 
versus extracellular,
 forms (Camby et al., 2006). Concentration is the factor which 
controls the formation of dimer. In high concentration Gal-1 has a tendency to form 
the dimer which will dissociate in low concentration. In this study, different forms of 
Gal-1  were  identified  and  expressed  differently  in  progenitor  cells  cultured  on 
NSQ50  and  flat  control. The  higher  molecular weight  (spot  1  in  figure  4.6)  was 
down-regulated but the lower one (spot 2 in figure 4.6) was up-regulated. In this 
study, it was observed that the spot 2 decreased with time and the spot 1 increased 
with time, thus suggesting a shift from low to high molecular weight and a slow-
down in proliferation in cells on NSQ50 compared to control. The shift between the 
two forms needs further experimentation. 
 
In  agreement  with  this  was  the  lowered  expression,  compared  to  control,  of 
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indicated the lower proliferative activity of cells on NSQ50 at 3 weeks culture as 
suppression can inhibit proliferation (Wang et al., 2006, Qing et al., 2008). 
 
Inhibition
  of  the  MEK/ERK  pathway  can  enhance  the  ATP-stimulated 
dephosphorylation
  of  myosin  light  chain  (MYL)  (Klingenberg  et  al.,  2004). 
Unfortunately,  the  protein  analysis  software  could  not  clearly  distinguish  the 
phosphorylated from dephosphorylated form so it could not be concluded whether the 
MEK/ERK was inhibited from the change of MYL, but is suggestive that it could be. 
The detection of MYL6 is interesting since it is dominantly expressed in smooth 
muscle e.g. blood vessel and could thus indicate multiple differentiation. 
 
Thioredoxin (Trx) truncated at its carboxyl terminal (Trx80) was shown to induce 
differentiation of human CD14(+) monocytes by induction phosphorylation of p38 
MAPK and c-Jun N-terminal kinase (JNK) (Pekkari et al., 2005). Three isoforms of 
Trx were reported; Trx1 (cytoplasm), Trx2 and Trx3 (mitochondria). From figure 4.7, 
it  seemed  like  changes  in  the  Trx  isoforms  may  affect  cell 
proliferation/differentiation. In previous studies, activation of mitochondrial Trx has 
implicated  involvement  with  cell  proliferation  (Kim  et  al.,  2003)  and  TRX-1 
enhanced  viability  of  cells  exposed  to  nitrosothiols  through  up-regulation  of  the 
survival  signaling  pathways  mediated  by  the  ERK1/2  MAP  kinases  (Arai  et  al., 
2008). At 3 weeks, spot 1 was down-regulated whilst spot 2&3 were up-regulated. 
Because of the limitation of isoform identification, this result still needs the further 
investigation before firm conclusions can be made. 
 
For this study, DIGE was performed with the whole cell proteome, which has helped 
to understand cell differentiation through nanotopographical cell manipulation. In the 
future, studies of the proteomic profiles in each compartment would provide better 
understanding  of  the  changes  in  isoform  expression  and  the  importance  of  such 
changes.  
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matrix-galectin-8  indicated  significant  ERK  modulation  while  changes  in  Npm1, 
galectin  1,  collagen,  chloride  intracellular  channel,  vimentin  and  SPARC 
(osteonectin)  showed  proliferative  slow-down  and  enhancement  of  osteospecific 
matrix formation prior to mineralization (shown by alizarin red) in cells on the novel 
NSQ50 before cell culture on the control flat topography. It could be postulated by 
tying in with several pathway analyzing genomic studies (Dalby et al., 2007d, Biggs 
et al., 2008b, Biggs et al., 2008a, Dalby et al., 2008a) implicating ERK, that ERK is a 
major signalling mediator in the onset of osteogenesis. That said, there is need for 
further, interventionalist, study before this is clear. 
 
The dimethyl study showed that by 6 weeks of culture there were relatively few 
changes; this concurs with DIGE results, where most differences and changes were 
seen  in  /  from  weeks  3  to  4.  However,  it  can  be  noted  that  up-regulation  of 
oligodendrocyte transcription factor might suggest the presence of neural cells. From 
a tissue engineering perspective, this is interesting and when tied with the observation 
of possible smooth muscle related proteins (MYL6) could indicate the formation of 
nerve and vascular tissue on the construct. Both are critical in the formation of a 
complex bone tissue in the laboratory. This result concurs with previous genomic 
data that reported the presence of endothelial differentiation on nanotopography and 
thus, the possible formation of vasculature as well as bone (Dalby et al., 2008a). 
From a mechanistic standpoint, however, the dimethyl study would have been better 
placed at weeks 3 and 4. 
 
Results from osteoprogenitor growth on NSQ50 in flow and static culture indicated 
that bioreactor culture induced further up-regulations of some key proteins. The cell 
morphologies observed from the flow system indicated that cells on NSQ50 started to 
form  nascent  nodules  as  found  in  the  static  environment,  and  the  proteomic 
expressions showed some similarities e.g. up-regulation of tubulin and annexinV and 
no change in extracellular matrix proteins such as collagen and galectin-8 were found 
at this time point. However, the group of proteins that related to the stability of actin 
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regulated and their function was related to the Rho family. Up-regulation of vimentin 
was  also  found  and  this  indicated  that  the  bioreactor  influenced  cytoskeletal 
organization in general. 
 
It  is  possible  that  constant  provision  of  media  from  the  fluid-flow  bioreactor 
modulated  osteoprogenitor  cells  on  NSQ50  through  some  different  signalling 
pathway from NSQ50 stimulation alone; it can be speculated from these results that 
cytoskeletal and G-protein signaling was altered. The use of the fluid-flow bioreactor 
combined with the disordered nanopits topography provides a promising method for 
enhanced  culture  of  osteogenic  cells  on  nanosubstrates,  but  it  still  needs  a  lot  of 
optimization i.e. the flow rate needs to be adjusted and the cell seeding needs to be 
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Chapter V General Discussion 
 
5.1 Introduction 
 
This  thesis  has  two  main  components.  Firstly,  the  development  of  comparative 
proteomics  techniques,  DIGE  and  dimethyl  labelling,  for  biomaterials  research  – 
specifically for nanomaterials and progenitor cells. Then, secondly, application of 
these techniques to help understand how the osteogenic nanotopography, NSQ50, 
elicits osteoconversion of progenitor cells in static and bioreactor culture. The general 
discussion  section  is  thus  divided  into  technical  developments,  biological 
observations and ideas for future research. 
 
5.2 Technical developments 
 
5.2.1 DIGE: DIGE was, for the first time, employed in biomaterials evaluation and it 
has been shown that only 5 µg of protein, extracted from restricted sample sizes that 
are commonly used in academic scale experiments, can successfully be analysed. 
DIGE allowed the observation of post-translationally modified isoforms of proteins 
such  as  CLIC  1&4,  Hsp27  and  enolase.  Isoform  expression  is  important  in  the 
interpretation of results i.e. phosphorylation of Hsp27 can help in the prediction of 
actin filament dynamics (Chen et al., 2009). An extension of this study to look at 
differential isoform expression could provide extra new data and will be discussed in 
the future work section.  
 
5.2.2  Dimethyl  labelling:  This  method  was  also  for  the  first  time  applied  to 
biomaterials  research.  The  main  goal  was  to  evaluate  changes  in  expression  of 
membrane proteins that are typically under-represented in 2D gel-based analyses such 
as  DIGE.  This  aim  was  achieved,  as  demonstrated  by  the  identification  of 
chromosome 14 open reading frame1 (Veitia  et al., 1999) and TCR-beta. In LC-
MS/MS, proteins are processed to peptides prior to analysis, allowing the analysis of 
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the  analysis  of  a  greater  proportion  of  lower  abundance  proteins  than  2D  gel 
electrophoresis.  In  this  study,  both  the  hydrophobic  and  the  hydrophilic  fractions 
were analysed simultaneously. Many important hydrophobic and hydrophilic proteins 
were identified but when compared between test and control, only a few significant 
differences between flat control and NSQ50 were found because the investigation 
was performed at 6-week culture at which time, both cells on control and test were 
already differentiated. A small group of proteins that showed a degree of difference 
when compared between NSQ50 and flat surface were oligodendrocyte transcription 
factor 3, helicase (DNA) B, eukaryotictranslation initiation factor 4 gamma isoform 
1, T-cell receptor (TCR) beta and cytochrome b5 reductase. This group of proteins 
might indicate proliferation or differentiation of a sub-population (Spits et al., 1998), 
but needs more supporting data from future work. 
 
5.2.3 Bioreactor: In order to increase protein output from small sample sizes, the 
fluid-flow  bioreactor  was  used  to  maintain  the  culture  material  before  protein 
extraction  and  gel  electrophoresis.  The  results  from  chapter  II  indicated  that  the 
continuous  feeding  increased  the  quantity  of  proteins  extracted  on
  micro-grooved 
PCL. However when the same conditions were applied to NSQ50, it was shown that 
the fluid-flow condition used did not significantly enhance the amount of protein 
extracted. It was likely that the extra supply of nutrients and the highly osteogenic 
nature of this topography curtailed the proliferative stages in order to enter into cell 
differentiation more rapidly (proliferation gives way to differentiation and a confluent 
cell layer is not required for bone nodule formation) (Stein and Lian, 1993). This is 
supported by the observation of a greater number of functional up-regulations seen in 
cells cultured on NSQ50 in the bioreactor compared to static culture. 
 
5.3 Nanotopography and biological observations 
 
This study has shown that surface topographies such as micro-grooves and nanopits 
can  initiate  contact  guidance  and  induce  bone  formation  in  osteoprogenitor  cells 
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modulate  cell  behaviours  such  as  proliferation,  migration,  differentiation  and 
apoptosis  (Zhu  et  al.,  2004,  Kim  et  al.,  2005a,  Yim  et  al.,  2005).  Biochemical 
mechanotransduction implies the conversion of mechanical forces (e.g. changes in 
cell spreading and morphology from changing surface topography) into biochemical 
signals via biomolecules. Still, little is known concerning which pathways may be 
directly involved in cell response to changes in the material surface. A number of 
pathways  have  been  implicated  using  focused  studies  of  ‘selected’  biomolecules 
rather than a global analysis of signal pathways. 
 
Here, we used DIGE to study osteoprogenitor cell response to contact guidance in 
grooves,  firstly  in  order  to  optimise  protocols  and  then  to  investigate  the  novel, 
osteogenic,  NSQ50  topography.  Furthermore,  chromatography  based  dimethyl 
labelling was employed to analyse progenitor proteome changes in response to the 
NSQ50  topography.  A  number  of  distinct  proteins  were  observed  to  exhibit 
significant changes in expression. These changes in protein expression suggest that 
the cells respond to topographies with alterations in their proteome that are correlated 
with changes in osteoprogenitor phenotype. 
 
Many of the proteins that were found to be changed in expression form part of the 
extracellular  signal-regulated  kinase  (ERK1/2)  pathway.  ERK1/2  is  important  for 
mesoderm  formation  (Nishimoto  and  Nishida,  2006).  As  described  in  chapter  I, 
section 1.2, bones develop from mesodermal tissue (Olsen et al., 2000). Extracellular 
signal-regulated  kinase  1  and  2  (ERK1/2)  was  first  observed  by  Boulton  et  al 
(Boulton  et  al.,  1990)  And  were  shown  to  have  the  ability  to  phosphorylate 
microtubule-associated protein-2 (Boulton et al., 1991, Boulton and Cobb, 1991).  
 
ERK1/2 mitogen-activated protein (MAP) kinase pathway plays a central role in cell 
proliferation  control  (Kato  et  al.,  1998,  Meloche  and  Pouyssegur,  2007).  The 
regulation of G1- to S-phase transition is governed by the concerted action of cyclin-
dependent kinases (Cdks) and their regulatory cyclin subunits. Strong activation of 
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cell lines by inducing the expression of the Cdk inhibitor p21. Sustained ERK1/2 
activation  throughout  G1  is  required  for  S  phase  entry  (Lefloch  et  al.,  2009). 
Additionally,  different  growth factors  generate  different  profiles  of  ERK  pathway 
activation. These findings have historically complicated our understanding of ERK 
activity and are the reason why many studies about ERK1/2 and the cell cycle have 
been controversial; some studies indicate that ERK activation mediates  cell cycle 
arrest e.g. (Tang et al., 2002, Kim et al., 2008) whilst some suggested the sustained 
ERK pathway activation promotes proliferation e.g. (Sharrocks, 2006). However, it 
seems that ERK is regulated by a negative feedback loop and thus may be critical to 
both initiation and cessation of proliferation (Yeung et al., 2000, Zeliadt et al., 2008, 
von Kriegsheim et al., 2006). 
 
 
 
Figure 5.1 Cell cycle and ERK1/2: ERK1/2 is a key regulator of cell cycle of G1 to 
S-phase transition via cyclin D kinase. Adapted from 
(http://www.le.ac.uk/ge/genie/vgec/sc/cellcycle.html)  
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Changes in expression of many proteins in this study strongly indicates that ERK 
signaling  was  activated  on  NSQ50  (compared  to  flat  control)  and  this  has 
implications for ERK in stem cell differentiation as well as proliferation.  In fact, it 
must be considered that cells must rapidly proliferate to recruit cell numbers for bone 
repair / formation and then stop almost completely to allow differentiation / bone 
formation. Thus, perhaps, proliferative control is critical to the whole process and, 
furthermore, both positive and negative control may be required. 
 
Examples of ERK related events observed in this thesis include: 
 
ERK  signaling  pathway  induces  expression  of  Hsp70  (Hung  et  al.,  1998)  and 
inhibition of ERK reduces Hsp70 expression (Chen et al., 2001, Yang et al., 2004, 
Taylor et al., 2007). In this study Hsp70 expression was seen to increase through all 
time points on the osteogenic NSQ50 topography. 
 
Gal-8 was up-regulated on NSQ50 (compared to control) and binding of gal-8 to 
integrins can activate ERK signaling (Carcamo et al., 2006). 
 
Enolase,  which  is  influenced  by  ERK  signalling,  has  regularly  been  used  as  a 
neuronal differentiation marker (Chang et al., 2005) and was initially up-regulated in 
this study. However, the major cell population response on NSQ50 is differentiated 
into bone. This could be due to the immature stem cell population of the progenitor 
cells forming neural cells as well as osteoblastic cells. The mesenchymal stem cells 
are multipotent and have been shown to be able to form neurons (Engler et al., 2006). 
The  formation  of  multiple  lineages  on  the  same  material  could  have  positive 
implication for tissue engineering of complex, functional, organs. 
 
Some studies have suggested a role for p38 in the induction of hsp27 expression (Yu 
et al., 2008, Carlson et al., 2007). However, the activation of p38 can be a side effect 
of ERK activation (Wang et al., 2002, Deng et al., 2004). It is proposed that in this 
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That  enhanced  differentiation  is  followed  by  a  slow  down  in  proliferation  is 
evidenced by changes in expression of some proteins influenced by the osteogenic 
NSQ50 topography: 
 
The cyclin-dependent kinase inhibitor (p21) is a critical regulator of cell cycle, and it 
is readily degraded by the proteasome through ubiquitin-dependent and -independent 
pathways. Nucleophosmin (NPM)/B23, is a multifunctional protein that binds p21 
and contributes to it’s stability (Xiao et al., 2009). At the 3rd week of culture, NPM 
was down-regulated on NSQ50 (compared to flat) but at the 4th week it was up-
regulated  and  maintained  at  that  increased  level  until  the  6
th  week.  It  could  be 
postulated that p21 was stabilized by the rising level of NPM and caused cell cycle 
arrest. 
 
Tubulin  was  up-regulated  at  the  3
rd  week  (about  3-fold)  but  then  became  down-
regulated on NSQ50. The decline of tubulin expression could be the result of a lower 
rate  of  microtubule  formation  (Ben-Ze'ev,  1990)  as  the  pool  of tubulin  monomer 
controls its own  expression (Cleveland et al., 1981) and this evidence supports a 
lower proliferation rate (Shi et al., 2009). 
 
Enhanced  differentiation  should  clearly  be  defined  by  changes  in  expression  of 
extracellular matrix proteins. Changes in expression of some proteins in this study 
indicated  that  cells  on  NSQ50  started  to  produce  extracellular  matrix  such  as 
collagen, galectin-8 and CLIC1&4 to higher levels and more rapidly than cells on flat 
control, and this can be directly related to the result for mineralization from alizarin 
staining. 
 
A key question is how does topography influence ERK signalling? It seems likely 
that mechanotransductive events arising from changes in cell morphology will be 
central. Percolation theory describes the cytoskeleton as being interconnected and 
connecting the cell nucleus to the extracellular environment through focal adhesions 
(Forgacs,  1995,  Shafrir  and  Forgacs,  2002).  Mechanotransduction  in  this  case  is Chapter V General Discussion  126 
mainly indirect (i.e. biochemical signalling) as percolation itself does not explain how 
direct  mechanical  signals  (in  order  to  distort  the  nucleus)  are  transmitted  to  the 
nucleus.  
 
However, for direct mechanotransduction to occur, and it is known that micro and 
nanotopography cause changes in nucleus morphology (Dalby et al., 2003, Dalby et 
al., 2007a, Dalby et al., 2007c) from changes in cell morphology, there needs to be an 
inhomogeneity in the cytoplasm and this points to the cytoskeleton (Wang et al., 
1993, Wang and Suo, 2005). As discussed in chapter 1, section 1.6.1, the key theory 
as to how direct mechanical signals could be conveyed to the nucleus is the cellular 
tensegrity  model  (Ingber,  2008).  Normally,  proper  attachment  to  the  extracellular 
matrix is essential for
 cell survival. Detachment from the extracellular matrix results
 
in  an  apoptotic  process  termed  anoikis  due  to  loss  of
  survival  signals  following 
integrin disengagement (Collins et al., 2005). The idea of cell distortion-dependent 
switching between distinct cell fates as cells spread and grow - slightly retracted
 cells 
differentiate and fully round or detached cells undergo
 apoptosis (Ingber, 2003b) - 
was supported by the way NSQ50 modulated cell shape, reducing proliferation and 
encouraging differentiation through slightly reduced spreading.  
 
The  tensegrity  cell  models  predict  that  living  cells  are  hard-wired  to  respond 
immediately to external mechanical stresses (Ingber, 2003a). This hard-wiring exists 
in  the  form  of  discrete  cytoskeletal  filament  networks  that  mechanically  couple 
specific cell surface receptors, such as integrins (Ingber, 1997a). When integrins are 
pulled, stresses are altered across integrins and this alters intracellular biochemistry. 
The theory is developed from engineering principles (Fuller, 1961) and relies firstly 
on the cells being pre-stressed (actin stress fibres acting upon adhesions) and then the 
cystoskeleton containing components under compression (tubulin microtubules) and 
tension  (actin  microfilaments  and  vimentin  intermediate  filaments),  all  acting 
together and connecting to the nucleus. 
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From the result of protein expression profile, cell morphology and mineralization, it 
can  be  postulated  that  NSQ50  generates  mechanotransduction  by  modulating  cell 
adhesion  and,  in  consequence,  results  in  altered  cell  morphology,  which  in  turn, 
affects cytoskeletal organisation. Changes in cytoskeletal organization are likely to 
generate forces applied against the substratum surface and also against it’s surface 
receptors  i.e.  integrins.  From  the  receptors,  hierarchical  chemical  reactions  like 
phosphorylation/dephosphorylation  are  stimulated  to  control  cellular  processes  i.e. 
cell cycle, proliferation, differentiation and apoptosis. To understand the influence of 
biomaterials on cellular biology, this thesis applied a novel strategy that brought the 
tools of comparative proteomics to bear on regenerative medicine.  
 
5.4 Future work 
 
This thesis points to several key areas to consider in immediate future development. 
Firstly,  rather  than  considering  the  total  proteome,  studies  focusing  on  discrete 
subcellular compartments could be very revealing and give more focus to the study. 
Next, it could be very interesting to consider methods to increase bioactivity – e.g. 
composite formulations and embossing. 
 
5.4.1 Cell compartment proteome 
 
2-DE and LC-MS/MS are both powerful methods for proteomic analysis but neither 
technique has the analytical power to resolve and analyse all proteins in the proteome. 
2-DE has limited capacity to separate proteins of extreme hydrophobicity or pI and 
proteins of relatively low abundance (Wilkins et al., 1998, Taylor et al., 2003). A 
single 2D gel can resolve up to 3000 proteins from a complex sample, representing 
only a fraction of the whole cell proteome. LC-MS/MS, while in many respects a 
good complement to 2D electrophoresis, does not resolve the isoform variety and can 
be still more limited in resolution. Proteomic fractionation is thus widely used to 
increase our understanding of the proteome (Ho et al., 2006). The proteomic study of 
sub-cellular compartments may provide greater depth of understanding about how Chapter V General Discussion  128 
mechanotransduction directs cell fate.  
 
Subcellular proteomic analysis could include, but are not limited to: 
 
(1) Nucleus: Nuclear proteins play a major role in controlling cell function, thus the 
investigation  of  nuclear  proteome  could  provide  valuable  information  of  cell 
differentiation. Recently, two-dimensional gel electrophoresis and mass spectrometry 
analysis  was  used  to  define  the  modifications  of  the  nuclear  proteome  occurring 
during the switch from the proliferation state to the differentiation state of embryonic 
rat ventricle H9c2 cells (Bregant et al., 2009). Furthermore, a method for isolation of 
highly purified nuclear fractions from stem cell populations that allowed examination 
of nuclear proteins critical for differentiation has also been reported (Woodbury et al., 
2008). It would be very interesting to apply this technique to biomaterials research.  
 
(2) Membrane and other organelles: Methods to isolate lysosomes from mouse 
liver for proteomic studies including a comparison of the soluble, luminal proteins 
obtained from each of the two preparations separated by 2D gel electrophoresis was 
recently introduced (Zhang et al., 2008). It showed promising results that should be 
applied  to  the  future  work  of  this  thesis.  Furthermore,  cathepsin  D,  a  lysosomal 
enzyme, showed a correlation between the level of procathepsin D translation and the 
proliferative potential (Fusek and Vetvicka, 2005) and it would be interesting to focus 
on as this enzyme showed degree of up-regulation in some experiment of this study. 
The application of the subcellular fractionation could be a key to increasing focusing 
on protein such as this. 
 
(3) Mitochondrial: The differential expression of mitochondrial proteins has very 
recently been investigated by DIGE (Jiang et al., 2009) and this could be modified to 
use in the biomaterials field in the near future. 
 
(4)  Extracellular  matrix  and  Secretome:  A  proteomic  approach  was  used  to 
identify a total of 73 proteins from the secretome of human multipotent adipose-Chapter V General Discussion  129 
derived stem cells in an investigation of early stage commitment to adipocytes and 
osteoblasts (Chiellini et al., 2008). Furthermore, methods used to isolate and enrich 
ECM constituents and secreted vesicles from bone-forming osteoblast cells, enabling 
comprehensive profiles of their proteomes to be obtained by mass spectrometry, was 
reported by Xiao et al (Xiao et al., 2008). 
 
5.4.2 Phosphoproteomeomics 
 
Activation  of  ERK  1/2  induces  phosphorylation  of  the  runx2/cbfa-1  transcription 
factor that controls osteogenic gene expression (Salasznyk et al., 2007). It has been 
hypothesized  that  FAK  mediated  signaling  pathways  supply  a  link  between  cell 
surface integrin-ECM binding and activation of ERK 1/2 (Salasznyk et al., 2007). 
Serine/threonine phosphorylation of runx2/cbfa-1 is emerging as a key target in this 
respect. 
 
Additionally, Smad1 could be another interesting target since cooperation of BMP-
Smads  with  Runx2/Cbfa1  among  the  Runx/PEBP2/Cbf  family  is  particularly 
important for osteoblastic differentiation and both of them are critical transcription 
factors in osteoblastogenesis (Suzawa et al., 2002). 
 
Other targets include: 
 
Hsp27: Hsp27 phosphorylation may play a key role in actin filament remodeling 
required for smooth muscle cell migration and contraction (Meier et al., 2001). The 
p38 MAPK/MAPK-activated protein kinase 2/Hsp27 pathway is involved in F-actin 
alternations (Kostenko et al., 2009). In this thesis, changes in expression of Hsp27 
isoforms were reported so it is possible that further study focusing on the expression 
of Hsp27 will provide interesting information. 
 
MYL: Phosphorylation of myosin light chain (MYL) plays a part in many signalling 
pathways to modulate cell proliferation and differentiation i.e. the signaling pathways Chapter V General Discussion  130 
involved  in  Myosin  Light  Chain  Kinases    (MLCK)  plays  a  crucial  role  in  cell 
migration through reciprocal cross-talk with activated ERK1/2 (Zhou et al., 2008), 
phosphoinositol-Akt-mammalian  target  of  rapamycin-p70S6  kinase 
(PI3K/Akt/mTOR/p70S6K) pathway activation regulates VSMC differentiation from 
MSCs (Hegner et al., 2009). 
 
5.4.3  Adding  bioactive  composites  to  the  polymers  being  embossed  with  the 
osteogenic nanotopographies 
 
In bone repair, the addition of bioactive fillers has been studied for a number of years. 
Bone itself is a composite material containing a collagen polymer and apatite mineral. 
Addition of synthetic hydroxyapatite to polymers such as polyethylene has produced 
promising results and methods to improve bioactivity are under study (Rea et al., 
2004, Gibson and Bonfield, 2002, Patel et al., 2005). Furthermore, the use of drug-
impregnated  composite  biomaterials  has  been  previously  studied  with  various 
bioactive agents e.g., bone morphogenic protein (Li et al., 2007) and the antibiotics 
vancomycin (Kim et al., 2005b) and tetracycline (Kim et al., 2004). In work related to 
this thesis, compositing has been initially trialled with the Chinese herb; Puerariae 
radix (the root of Pueraria lobata and Pueraria mirifica). This has been composited 
with micro-grooved PCL. Puerariae powder was pressed into melted PCL-sheets at 
one side, then the other side was embossed with grooved slide (12.5 µm width, 2 µm 
dept). The inclusion of Puerariae did not seem to have cytotoxic effects when 2% 
w/w  was  impregnated  into  grooved-PCL.  Furthermore,  impregnation  of  Puerariae 
powder did not affect subsequent embossing of topographic features into the other 
side of PCL sheet. The detection of isoflavones (e.g. methoxypuerarin, daidzin and 
daidzin) from Puerariae radix extract has been accomplished by HPLC-UV and it is 
suspected  that  these  are  the  osteogenic  component  of  the  Puerariae  (Jiang  et  al., 
2005).  In  a  preliminary  study  using  topography,  HPLC  has  shown  the  release  of 
isoflavones. Mass spectrometry of puerariae crude extract showed 3 major peaks of 
413.21, 417.02 and 429.16 m/z. The previous study, and Massbank records, indicate 
that 4'-methoxypuerarin, daidzin and daidzin have mass of 417.12 and formononetin Chapter V General Discussion  131 
has a mass of 430 (Sun et al., 2008). Thus, the peak of 417.02 m/z could be the peak 
of 4'-methoxypuerarin, daidzin and daidzin (Kantawong, 2009).  
 
These  preliminary  results  provide  a  significant  contribution  to  the  application  of 
alternative herbal medicine in biomaterial field and it can be applied to NSQ50 in the 
future.  
 
5.5 Conclusion. 
 
For the first time, global proteomics has been applied to the study of bone formation 
on  topographies  (micro  and  nanoscale).  Previous  genomic  studies  have  indicated 
large scale regulatory changes of the genome, and here it is shown that this results in 
large-scale  changes  in  the  proteome.  Specifically  implicated  is  ERK1/2  and  it’s 
possible influence of the proliferation / differentiation balance. Proteomic profiles 
might provide the basic knowledge cell differentiation in vivo. This information can 
be use as a clue for biomaterial design in the future. 
 
The thesis highlights topography as a biomaterials / tissue engineering stratergy. It 
further  indicates  that  combining  with  bioreactor  culture  could  be  used  in  tissue 
engineering.  Such  constructs  that  could  be  envisaged  include,  as  a  first  step,  the 
production  of  viable,  mineralizing,  biodegradable  graft  material  produced  from 
autologous progenitor cells for e.g. impaction grafting. 
 
Work  is  underway  in  the  Centre  for  Cell  Engineering  (Riehle  group)  for  the 
fabrication  of  3D  nanostructures  and  this  permits  speculation  that  larger  graft 
application could be met in the near future. VI Appendix  132 
VI. Appendix 
 
6.1 Culture medium 
Reagent  Quantity  Final concentration 
Alpha-MEM  440 ml  - 
FCS  50 ml  10% 
antibiotic  10 ml  2% 
 
6.2 Trypsin-versine solution 
Reagent  Quantity  Final concentration 
Trypsin  0.7 ml   
Versine  20 ml   
 
6.3 Frozen medium 
Reagent  Quantity  Final concentration 
Culture medium  7 ml  - 
Fetal bovine serum  2 ml  20% (v/v) 
DMSO  1 ml  10% (v/v) 
 
6.4 Cell lysis buffer 
Reagent   Quantity  Final concentration 
Tris (1 M not pH)  3.0 ml  30 mM 
Thiourea (MW 76.12)  15.22 g  2 M 
Urea (MW 60.06)  42.0 g  7 M 
CHAPS (MW 614.89)  4 g  4% (w/v) 
Adjust pH to 8.0 with diluted HCl 
Make up to 100 ml with distilled water 
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6.5 2x Gel loading buffer 
Reagent  Quantity  Final concentration 
Tris (1 M, pH 6.8)  12 ml  120 mM 
Glycerol (87% v/v)  23 ml  20% (v/v) 
SDS  4 g  4% (w/v) 
DTT  3g  200 mM 
Bromophenol Blue  A few grains  Trace 
Make up to 100 ml with distilled water 
 
 
6.6 12.5% Acrylamide gel 
Reagent  Quantity for 100 ml of a 12.5% 
gel 
Acrylamide/Bis 40% (w/v)  32.0 ml 
Tris (1.5 M, pH8.8)  25.0 ml 
10% (w/v) SDS  1.0 
10% (w/v) APS  1.0 
TEMED  40 µl 
Make up to 100 ml distilled water 
 
6.7 1% (w/v) Agarose gel sealant 
Reagent  Quantity  Final concentration 
1x running buffer  100 ml  - 
Low melting agarose  0.5 g  1% (w/v) 
Make up to 100 ml with distilled water 
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6.8 10x Running buffer 
Reagent  Quantity 
Tris (MW 121.14)  30.3 g 
Glycine (MW 75.07)  144.0 g 
SDS  10.0 g 
Make up to 1 L with distilled water 
 
6.9 Displacing solution 
Reagent  Quantity  Final concentration 
Tris (1.5 M, pH 8.8)  25 ml  375 mM 
Glycerol (87% v/v)  57.5 ml  50% (v/v) 
Bromophenol Blue  A few grains  Trace 
Make up to 100 ml with distilled water 
 
6.10 Water saturated butanol 
Reagent  Quantity 
Butanol  50 ml 
Distilled water  50 ml or more until two layers are 
visible 
 
6.11 2x Rehydration buffer stock 
Reagent  Quantity  Final concentration 
Urea (MW 60.06)  10.5 g  7 M 
Thiourea (MW 76.12)  3.8 g  2 M 
CHAPS (MW 614.89)  1 g  4% (w/v) 
Make up to 25 ml with distilled water 
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6.12 Rehydration buffer 
Reagent  Quantity  Final concentration 
2x Rehydration buffer 
stock 
2.5 ml  - 
pharmalyte
TMbroad 
range 
pH 4-7 
25 µl  1% (v/v) 
DTT (MW 154.2)  5 mg  0.2% (w/v) 
 
6.13 Stock equilibration buffer 
Reagent  Quantity  Final concentration 
Tris (1.0 M, pH8.0)  20 ml  100 mM 
Urea (MW 60.06)  72.07 g  6 M 
Glycerol (87% v/v)  69 ml  30% (v/v) 
SDS (MW 288.33)  4 g  2% (w/v) 
Make up to 200 ml with distilled water 
 
6.14 Equilibration buffer 
Reagent  Quantity  Final concentration 
Stock equilibration 
buffer 
100 ml  - 
DTT (MW 154.2)  0.5 g  0.5% (w/v) 
 
6.15 Colloidal coomassie staining 
1. Coomassie stock 
5% Coomassie Blue G-250 in water. Shake before use. 
2. Colloidal coomassie dye stock 
- 50 g Ammonium sulphate 
- 6 ml of 85% Phosphoric acid 
- Add water to make up the volume to 490 ml VI Appendix  136 
- 10 ml coomassie stock 
Shake well before use. 
3. Colloidal coomassie stain 
- 200 ml colloidal coomassie dye stock 
- 50 ml methanol 
(Prepare fresh for each use) 
- Fix gel 1-2 hrs in 40% ethanol, 10% acetic acid 
- Wash gel 10 mins in water twice. 
- Stain gel in freshly prepared colloidal solution for upto 1 week. Overnight maybe 
sufficient but sensitivity may improve by extending staining for several days. 
- Rinse gel in several changes of water. 
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 Statistical calculation of the spot of interest
The volume ratios of the same spots in three replicated gels were averaged 
and the standard deviation was calculated.Gel No.1
3.33-foldGel No.2
2.56-foldGel No.3
3.47-fold0.49 STDEV
3.12 Mean
3.47 Gel No.3
2.56 Gel No.2
3.33 Gel No.1
Fold-regulation Gel
Statistic calculation
Fold-regulation = 3.12±0.49Raw data of the result in chapter IIITypical DIGE images as were analyzed by DeCyderTM Image Analysis Software. Figure A&C 
were the images of proteins from control labelled by Cy3. Figure B&D were the images of proteins 
from NSQ50 labelled by Cy5. Figure A&B showed the areas of up-regulated proteins on NSQ50 
(B) when compared control (A) whilst figure C&D showed the areas of down-regulated proteins on 
NSQ50 (D) when compared control (C). 3 replicates of gels were run and the fold-
regulation of the spot of interest in each replicated 
gel were calculated for mean and SD